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Abstract

Package to packaguonitoring of food commaodities using printed RHiased sensors
offersa low-cost, environmentally friendly and bammpatible alternative to traditional electronic
sensors. The lack of batteries and expensive electronic components enable their intatgration
sustainable food production and distribution model easily. Some of the essential properties
essential for the practical implementation of such sensors include small size, easy detectability,
and long detection rang&€hough avast amount of resedrdas been demonstrated towards the
development of chipless and passive RFiB Ilwork has beewarried outin literaturefor their
applicationin food monitoring applicationsThis thesis presents the study of compact passive
wireless sensors operating the gigahertz range for application in packaged food monitoring.
Firstly, a radaicrosssection (RCS) based compact wireless humidity sensor with airbuilt
reference signature and tirgated measurement is presentBas novel approach ohtegrated
referencen the same scattering elemehntes the differential sensing ability and thereby immunity
to frequency detuning effects from tlkelectric loadingin the immediateenvironmentof the
sensorwithout an increase inthe size of the tagEnvironmental clutteis one of the biggest
problems towardthepractical implementation of RClgased tags. Theesisthusfurther focuse
ontackling this problem. One of the solutions to thia glarimetrybased depolarizing tag that
scatters orthgonally polarized fields. The next part of the thesis thereby pregefisst of its
kind compact depolarizatiehased sensing tag for acidic/basic volatile sensing. Further
improvement in the clutter performance can be achieved using frequency dibetsieen the
interrogator transmitted and sensor retransmitted sigmahe final part of he thesis anovel
compact harmonic senswith integrated transmitreceiveantenna and nonlinear doubling
circuit integrated oran annular slot antenria demonstrated for the first tim&he sensor is
suitable for monitoringf high-value food items like fish and meat. The Amear sensohas the
advantage of nateedingbackground calibratiofor practical applications commonly needed for
detection of clpless sensors passive senstdik and ammonia monitoringre demonstrated

using the presented sensors.
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Chapter 1.

Introduction T Motivation and Purpose of the Thesis

About 55% (35.5 million tons) of all fogqatoduced in Canada is lost in the form of food waste
according to the research in [1]. 77% of these losses come from the stages of production,
processing, manufacturing, distribution, and retail stages of the food supply chain. This accounts
for 31.95 billon dollars in economic loss. Avoidable food waste also accounts for 9.8 million
tonnes of Cequivalent to 2.1 million cars on the road [2]. Some of the key factors of avoidable
food waste are the confusion between expiry and best before dates, inappiapelling, and
improper packaging. Intelligent packaging and monitoring of food quality of food items effectively
and efficiently are therefore inevitable from both consumer safety, economical perspective, and

environmental standpoint.

Food quality is affected by factors internal to the food commodity and external storage
conditions. Internal factors include moisture content, pH, and catalysts which influence the
enzymatic activity inside the food material. External factors include lighpeeature, mechanical
pressure, temperature, and humidity. Humidity (water activity), temperature, and pH have been
identified to be the three most crucial factors affecting food quality [3]. These three factors when
monitored and controlled have shown tgn#ficantly increase the shelf life of packaged food
commodities. Though controlling internal pH can be challenging, monitoring pH provides
information pertaining to the early detection and quantitative indication of microbial activity inside
the food matrial. Studies on food spoilage indicate emission of various acidic and basic volatiles
as a byproduct of fungal and bacterial metabolism [4][5]. For instance, microorganisms with
proteolytic (capable of breaking down proteins) activity can act on psot@ieaking them down
into simpler compounds of amino acids. These compounds further undergo oxidative deamination
and desulfurization, resulting in the emission of basic gasses like ammonia and hydrogen sulphide
[6]. These basic gases can be used astyuiatlicators of meat products. Similarly, foods rich in
carbohydrates like desserts are broken down into simpler molecules like organic acids, ethanol and
COzdue to microbial action [7], which can be used as their quality indicators. Integration of food

packaging with wireless sensors capable of providing quantitative information about such quality



indicators, thereby, delivers an unparalleled solution to-fex@l tagging and monitoring food

commodities.

Deployment of traditional wireless sensors focksgeto-package monitoring has always
been challenging in terms of the associated cost. Recent advancements in material science and
printing technology have however vastly changed this scenario [8]. The fabrication and
deployment of biecompatible, enviromentfriendly microsensors have become much simpler
and more costeffective. Though these sensors allow 4tgak monitoring of quantities about
health care, food, and environment [9], control of food quality, and spoilage [10], the finite
capacity battees, which are often hazardous, limit their application. Nevertheless, a significant
amount of work has been done on the development of eeéfigient systems for a longer lifetime
[11]. Passive sensors, which do not require any local source of posvere Ipresent a new
paradigm in lowcost wireless sensing [12]. Several such sensors have been successfully developed
and studied previously for the detection of food spoilage and smart packaging applications [13].
These sensors like others in [14] [15]limé near field coupling for their activation, this constrains
the read range of the sensor considerably. One way to increase the range is by using active
transponders in the sensor which are powered remotely, however, increases the cost of the sensor
substantially, limiting largescale deployment as required in food packaging [16]. Passive wireless
sensors at microwave frequencies, with considerable range and that are devoid of integrated chips
thereby strike a balanced alternative to both sensors witre d@ansponders and low frequency

coupled coil sensors in terms of cost, maintenance, and detection range.

The goal of this thesis is to design and implement adost wireless passive gas sensor
capable of operating in the gigahertz range, for mangochemical and/or physical changes in
packaged food to improve its séife or/and detect spoilage. The high (microwave) frequency
design gives them a longer read range and compact size. The manufacturing cost thus can be kept
under 0.1% of the food oamodity when masproduced [16], making them suitable for package
to package monitoring of food products. The applications of these sensors may also further be

extended to the healthcare and petrochemical industries for chemical sensing.



1.1. Chipless wireless sensors and various transduction
schemes for food monitoring

Traditional wireless sensors can be classified broadly into two categories: active and passive.
Active sensors are the class of sensors that are battery powered and are often integrated with other
electronic devices like microcontrollers, radio and sensmuits. These sensors have the
advantage of longange and superior data handling capacity. The power requirement and active
integrated circuits however make these devices expensive and incompatible wsthstawltto-
roll printing technology. Some palar examples of such sensors are 10T platfbased CC3200
from Texas Instruments [17] and sensor tags by CAO Gadgets LLCHa8§ive sensors on the
other hand do not require a battery, based on whether they have an active integrated chip, these
can beclassified into chifbased and chipless sensors. Gtiged sensors obtain the power
required for the activation of the chip through energy harvesting [19] or from the interrogating
signal sent out by the reader. Commercial RFID tags utilize such anaappr@here the
interrogation signal is used both for the radio front end reception, and transmission of identification
signal through modulated backscattering scheme [16]. The presence of a chip in these sensors
however makes them expensive and incompatitith the current planar printing technology,

thereby limiting their applications in package to package labelling of commodities. Chipless radio
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Fig. 11 A broad classification of chipless passive RF sensors based on their principle
operation.



frequency sensors offer the benefits of longer life, lower cost, and printability ovebased

SEensors.

A broad classification of chipless radio frequency sensors based on their operation is shown
in Fig. 1.1.Chapter 2 presents a literature survey of the application of passive wireless sensors for
packaged food quality monitoringy isection 1.2, the key degsi challenges of chipless passive
sensors operating in the microwave frequency range are disc8ss#idn 1.3 presents common

transduction schemes and their applicability to food packaged quality monitoring.

1.2. Considerations with Microwave Passive Wireles s Sensors

Some of the key factors that have to be taken into account in designing microwave passive
sensors areits compatibility with lowcost printing technology, its integration with RFID
technology for product identification, its size, and its cluigection capability. Advancements in
printed electronics have expanded the possibilities of using various shapes (2D and 3D) and
materials for the substrate and the conducting layouts. The performance of printed active devices
like diodes has also madensiderable progress, enabling their application in passive sensors if
needed. By utilizing sensors of the same archite@stkat of the RFID tags, their integration
together can be easily achieved without a considerable increase in the compl@dteotesign.

The size of the sensor and its clutter rejection capability are the most crucial factors that are needed
to be considered from an RF engineeroés design

following sections.

1.2.1. Size of the Sensor

As the passive sensors mainly rely on the number of sensing elements for measuring multiple
parameters and the number of encoded bits, the size of these sensors becomes a key factor to be
considered in their design. Often the retransmisbesed sensorseasignificantly larger in size
compared to the RCS based sensors, this is because in these sensors the structural scattering is of
higher magnitude than the antenna mode, thus the delay provided by the transmission lines for the
retransmitted signal has be large enough for the sensing information to be easily distinguished.

As electromagnetic waves have higher speeds than mechanical and acoustic waves, they require

long transmission lines for obtaining the desired delay, this increases the size oktre se



Some of thealternatives used by researchers are surface acoustic wave (SAW) sensors or
metamaterialnspired negative delay lines [20][21][22] or, the use of orthogonally polarized
backscatter schemes [23]. Both SAWsed sensors and negative grdelay lines are slowave
structures, thereby reducing the length of the delay lines required for the retransmitted pulse.
SAW-based sensors often consist of a piezoelectric transducer to convert the interrogation signal
into an acoustic signal. The actiasvave travels along the piezoelectric surface, thus acting as an
acoustic a delay line. Slots along the piezoelectric act as discontinuities (reflectors) which partially
reflects the acoustic wave towards the reader, the delay between the reflectedcaravee
controlled by the spacing between the slots. Both the delay and phase information can be used to
encode the required information [24]. A SAbdsed temperature sensor is presented in [25], where
the delay between the reflected signals changes tiwehtemperature due to the temperature
coefficient of delay of the piezoelectric substrate material. SAW sensors however are nonplanar
and often use difficult manufacturing processes. Other traditional techniques like the use of high
permittivity or high grmeability material, meandering of the transmission line to reduce the
effective length may also be used for the reduction in the size of the transmission lines [26]. In the
case of RC$ased sensors, little work has been done in the literature towandsithiaturization.

Most miniaturization techniques used for antenna miniaturization like dielectric loading, lumped
element loading and modified geometry for extended current paths may be employed for their size
reduction [26].

1.2.2. Immunity to Environmental Loading and Clutter

Clutter is the unwanted signal scattered by the environment, picked up by the interrogator.
Chipless sensors being of small size, the signatures may be overwhelmed by large objects in the
environment, making the detection difficult. retransmissioibased techniques, clutter rejection
can easily be achieved by using separate receiving and transmitting antennas. The antennas are
oriented orthogonal to each other, such that polarization diversity between the received and
transmitted sigals can be achieved. As the polarization of the scattered signal from common
clutter is largely in the direction of the interrogating signal, orthogonally polarized received signal
can be distinguished. This however increases the size of the sensorredhgide



Since RC&based sensors solely rely on the scattering from the sensing antenna, which almost
always needs to be polarization matched to the incident interrogating signal, clutter reduction for
these sensors becomes challenging. One of the wayhibly the effect of environmental clutter
can be reduced is to make the scattering from the sensing element as large as possible. This has
been done using two methods, one is by using retrodirective array antenna li&ttad/an
reflectarray antenna as theatering element [27][28], and the second is by using active negative
resistance load on the scattering antenna [29][30] [31][32]. A hybrid combination of both, using a
reflection amplifier with the retrodirective reflectvian Atta array has also been damstrated in
[33] [34]. VanAtta reflectarray itself being of large size, it is generally suited for applications in
higher millimeterwave frequencies. Negative resistance loading on the other hand requires an
active element and related biasing circuittbe sensor making it incompatible with radtroll
printing technology.

Another method to reduce the clutter is by using a depolarizing/padaszing scattering
element like a dipole oriented at°46 the polarization of the incident interrogatingwe as
proposed in [35][36][37]. Though this technique has successfully been shown to eliminate clutter
close to the scatterer for an RFID system, little work has been done towards integrating them for
sensors application. Similarly, frequency diversityween the incident interrogation signal and
the scattered/retransmitted signal may be used in-ghgdess sensors for clutter rejection. This
may be achieved by utilizing a highly nonlinear device like a diode, either as a passive harmonic
frequency geerator or a passive mixer to produce a transmit signal either the harmonic of the
incident wave or the product of two incident waves respectively. This technique has been
demonstrated in sensing of various physical parameters like crack and strain [3ig])i8®9]evel
[40], temperature [41][42][43], and humidity [44], these tags have also been reported for tracking
of small insects like bees [45][46]. One of the disadvantages of using passive harmonic sensors
however is that they require high transmitpeaver in the interrogating signal, this is attributed to
the power loss associated with the passive generation of the harmonic frequency. These sensors
are larger compared to thedar crossection(RCS counterpart, as most of them utilize separate

antemas for reception and transmission.

In addition to the abovenentioned techniques, tirt®main gating is often implanted to block

unwanted scattering from the scatterer. In this technique, adtimain window is implemented



in software or hardware to raee the signal only for a specific duration of time corresponding to
the sensor under interrogation. This is done under the assumption that the scattered clutter is

reasonably farther away from the sensor, thereby taking a long time to travel bacleteiherr

1.3. Smart Packaging for Extended Shelf Life and Spoilage
Detection

Traditionally food packaging is used for the protection, convenience, and containment of food
products, where the packaging materials are made to have minimal interaction with the food
materials. Smart packaging techniques on the other hand are designed to interact with the food
material and its packaged environment to provide a positive change or indication for the extended
shelf life of food products. The shelf life of food is dicthtey one or more of the several quality
indicators like colour, texture, odour or miepoganism count. These quality indicators may
degrade due to both internal compositional factors and external environmental factors. Some of
the compositional factorsepH, micreorganism levels and other catalysts like enzymes and trace
metals [3]. Environmental factors which affect food quality are temperature, humidity, light,
mechanical stress and pressure. Smart food packaging focuses on keeping these faetors at th
optimal levels using active and/or intelligent packaging techniques. Active packaging involves the
use of strategies like temperature control, oxygen removal using oxygen scavengers, carbon
dioxide control using absorbers and emitters, moisture corgnad umoisture absorbing pads or
desiccants like silica gel, the addition of chemicals to change the internal parameters like pH of
the food product, and the use of an antimicrobial coating to retard the microbial growth in the

package [47].

Intelligent pakaging on the other hand focuses mainly on the ability to monitor the conditions
of the packaged food or its environment. It adds the functionality of detection, sensing and
recording of the conditions in which the food is stored. This is done by usmsgrseand
indicators. The common include biosensors, gas sensors, chemical sensors, freshness indicators,
time-temperature indicators for storage temperature history and integrity indicators to detect leaks.
Biosensors are used to detect biological reastuasing bio receptors like a specific antibody to
detect a target analyte or pathogens [48]. Most biosensors are however need active electronic

devices to translate the sensed biochemical signals into quantitative information, these sensors are



thus oftenused with a dye for colorimetric qualitative visual indication of the food freshness.
Chemical biproducts resulting from the activity of pathogens like acidic or basic chemicals
namely, lactic acid, acetic acid or basic amines can be detected usbagguHchemical sensors
[13].

1.3.1. Gas Sensors for Packaged Food Monitoring

Unlike biosensors and chemical sensors, gas sensors offer contactless monitoring of food
products. These sensors can give quantitative information on pathogenic activity by indirectly
sensing the gaseousimoducts resulting from their metabolic activiBepending on the material
and principle of transduction, gas sensors can be classified into several types: electrical, mass
sensitive, magnetic, optical, thermoelectric and electrochemical. A brief overview of each of these

is discussed in the followingestion.

1.3.2. Electrochemical transduction

Electrochemical sensors are amperometric [49] or potentiometric sensors [50]. These sensors
make use of the charge transfer between a solid or liquid electrolyte and an electrode for their
sensing mechanism. These s®ssconsist of a sensing/working electrode and a reference
electrode, and often a third counter electrode. The electrodes are dipped in a conducting electrolyte,
which forms the electrochemical cell. The electrolyte can be liquid, solid or poelyased.
Amperometric and potentiometric sensors respectively give an output current and voltage,
proportional to the concentration of the electroactive species at the working electrode with respect
to the reference electrode. Often electrochemical cells used Begasg also consist of a gas
permeable membrane through which the gas diffuses into the cell and prevents loss of electrolyte
from the cell. The gapermeable membrane or the working electrode can be made selective to

certain gases for gas identificatif#i].

1.3.3. Semiconductor based electronic transduction

Electronic transduction involves the use of semiconducting devices for the sensing of gases.
Most of these sensors are based on the principle of reversible gas adsorption at the surface for

sensing. Adsaation of a foreign species on the surface of a semiconductor provides surface states,



the electrical properties of these surface states change based on the sorption and/or reaction at the
surface. The metal oxideased sensing devices have been more ssfatlgsemployed for gas
sensing applications than the organic semiconductors and elemental or compound semiconducting
counterparts [52]. Commonly used metal oxides for gas sensing include Zn£) ,ShiQ and

WOs. When the temperature of these metals igatéml (>300C), in addition to reacting with the
oxygen in the atmosphere, the surface and grain boundary resistance of the oxide is affected by
the gas adsorbed on the surface. Intrinstgpe conductors are suitable for detecting reducing
gases and-pype semiconductor are suitable for the detection of oxidizing gases. The metal oxides
are usually deposited on a silicon substrate containing a micro heating element to elevate the
temperature of the metal oxide. A fiedffect transistor (FET) based dewitias also been of
interest for gas sensing applications. A FET is a tteaminal device, a voltage the gate terminal
controls the flow of charge carriers from the source terminal to the drain terminal. By using
catalytic materials like palladium as tigate material, these FET devices have been shown to
produce high sensitivity to Hydrogen and hydrogentaining gases at high temperatures [53].
Conducting polymecoated FET devices have gained recent interest for gas sensing applications.
This is due tdheir inherent advantage of roet@mperature operation and ease of deposition. Here

the gate terminal of the FET is replaced by asgssitive polymer like polypyrrole, polystyrene
co-butadiene or polyvinyl carbazole [54]. Alternatively, the gatenind can be constructed using

an ionsensitive electrode, coated with an electrolyte to form theseémsitive fieldeffect
transistors (ISFET). ISFETs have the advantage of fast response time atemiosvature
operation. These sensors however can onlyctietases that are ionic when dissolved in an

electrolyte [55].

1.3.4. Dielectric and Mass sensitive transduction

Similar to the semiconducting sensors discussed above, dielectric andansiive sensors
work based on the adsorption to the surface of agesstive layer. This adsorption changes either
the permittivity and mass of the sensor surface and permittivity and/or mass sensitive device
transduces this change in mass to some property of the substrate/supporting material. Two of the
most common massersitive devices are surface acoustic wave (SAW) devices and
microcantilevers. The change in mass is often monitored by measuring the change in the resonant

frequency of the device. For maximum sensitivity, the entire SAW device is coated with gas
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adsorbing material like polyvinyl alcohol (for humidity sensing) [56]. For the case of a
microcantilever, however, only the tip of the cantilever needs to be coated for getting maximum
sensitivity [57]. The common dielectric charAgased sensors use a direct cgabha resonant
element with the gas sensitive material or by using an interdigitated capacitor coated with the gas

sensitive material to get the resonant frequency and capacitance change respectively.

1.3.5. Optical transduction

Optical sensors work based on tenge of one or more optical properties like transmission
and reflection, of visible or neaisible waves, due to the interaction with the gas analyte. Optical
transducers for gas sensing usually consist of a monochromatic light source, a waveguiding
structure like an optical fibre sensitized with a gas adsorbing material and a detector. The gas
adsorbing material may be coated as the cladding of the fibre for transnlaskxh analysis or
the coating may be coated at the end of the fibre reflectiygedyoanalysis. Both transmissive
and reflective properties of the wave depend on the real and imaginary parts of the refractive index
of the gas adsorbing material and the gas being analyzed [58]. Other properties that can also be
used are fluorescencedaohemiluminescence need an indicator medium [59]. Indicator dyes that
change optical properties when they react to certain gases, in this case, the optical property of the
gas under analysis does not have to be sensitive to be directly sensitive, thstemmmpound

formed after the reaction of the gas with the dye is what is responsible for the sensing.

1.4. Objectives of the Thesis

As presented in the previous discussions, Hkewvel tagging of food products with wireless
sensors that can monitor compamii@l and environmental parameters play a vital role in the future
of sustainable food production and distribution. Tagging of every packaged item using traditional
RFID sensors, however, requires expensive integrated chips and sometimes even potentially
hazardous builin batteries. Printable passive, chipless wireless tags show remarkable advantages

over such tags in terms of cost and maintenance.

Two approaches are common in passive wireless and chipless sensors. The first is based on
the retransmissioof the reader signaand the second is the R®&sed tagThe RCSbackscatter

approach on the other hand has the advantage of being considerably smaller in size and requires
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narrower bandwidth but suffers from being prone to environmental clutter. \wittle has been
carried out towards the feasibility of their practical application towards packaged food monitoring.
Furthermore, though a number of transduction techniques exist to detect microbial activity directly
or indirectly using their chemical 4products, most of these require active signal conditioning
circuitry for their operation. Two techniques can be identified to be amenable for their passive
operation and integration into chipless RFID sensakectrochemical transduction scheme and
dielectic changebased capacitive transduction sche@apadive transluctiongivesfrequency

moduation based sensing scheme, thisvides

Frequency modulatichased sensorss advantageosover amplitude modulatioased
sensingbecausethe amplitude measuremersuffer from the limitations like sesitivity to
measurement distan@d multipath The sensivity of passive sensorthat work based on
frequencymodulationis defined asQ¥3-'Q here"Qis the intial resmant frequency and-Qis the
change in resonant frequency for 1 unit change in sensing paraBistgete frequency points
andGaussiamoisein the interogated signadffect theaccurate detectianf theresonanfrequency
of the signal. A quadratic polynomialbased fit isused to obtainaccurately theresonant
frequencies of the signdhis givedess stringent requirements on frequency resolution and signal
to-noise [60]. Systemic errors from the reader like the amplitudeilstabof the integrator
oscilator, and sc#ring from the environment howevare much bigger contributors to the errors

in discerningresonant frequencies.

The aim, therefore, is to design and develop compactctsiywirelespassive sensors that
operate in the microwave frequgn@nge giving a longer range than the {fvequency coupled
coil passive counterpart and utilize passive transduction like a dielectric or electrochemical scheme

for packaged food quality monitoring applications.
Below are the objectives formulated foettihesis

A Relative humidity is one of the most important components for an extended shelf life of various
food items The firstobjectiveof the thesidgs to design and builén RCSbased tag with a
built-in reference for humidity monitoring. The sensolt utilize aPVA coated interdigitated
capacitor and an orthogonally polarized integrated reference operating at two slightly different

frequencies providing differential sensing. This gives the sensor immunity to the loading effect
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from the immediate ensonment like the packaging material itstifit causefrequency de
tuningand at the same time keeps the sensor comphicth has not been demonstrated before.
Together with a timgated measurement, the clutter rejection capability and its feasibility f
packaged food commodity monitorimgstudied.

A The second objective is to design and demonstrate theiop of a new sensordesign
consisting of depolarizing/ cross polarizing scattering elements with acidic/basic gas sensing
capability is presented. Depolarizing tags, eliminate the dominant clutter polarized in the
direction of the incident interrogating signal. Volatiles li&emonia, hydrogesulphide,
carbondi-oxide and acetic acid are produced as gaseous secongaoglbcts, resulting from
the metabolic actives of micrarganisms in various kinds of food iter#s low frequency
coupled coil passive pH electretlased trasduction technique for gas monitoring application
has been successfully implemented15] [61]. Research work is carried otat integrate the

pH dectrode into the depolarizing tag, givingitonger rangeompared to LF coibased tags.

A Though diffeential sensing and depolarizing tags offer advantages over traditional chipless
sensors, they often require a wedllibrated environment to operate effectiveljne third
objective ofthe thesiss to desgn and demonstratenovel compact harmonic talgased pH
and volatile sensor. The sensuitizesa nonlinear element like a diode to generate a harmonic
frequency, providing frequency diversity between the interrogator transmitted and received
signal. This givesuperiordetection against environmentéliter and eliminates the need for
calibration techniques like background subtraction and other signal processing techniques, that
are often necessary for functional detection of chipless Tagsutlization of asingle antenna
for retransmission athe doubled frequency and the integration of the seimora compact
form factor is the novel aspect of this part of the thé3ie gplication of the sensor in the
milk souring procesand volatile sensing is also denstratedthis also anovelaspect
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Chapter 2.
Wireless Passive Sensors for Food Quality Monitoring

This chapter presemta literature survey ofvireless passive sensors packagedfood
monitoring applicatios. It also in@rporates the results of chapters 3 and 4 for compatson
coupled oil sensors and the stabé-the-art passive ultrhigh-frequency (UHF) sensors. iBh
chapter is based RRautGhe EpulBlrii dlged ,aratnidc ISe Mha
sensors for food quality monitor IEEEHAntennaspr ov i |
Propag. Mag, vol. 62, no. 5, pp. 789, Oct. 202@. It should be noted that secti@m® of the
chapter was contrilied by the third author.

2.1. Abstract

Food waste amounts to roughly ethérd of its total production every year. There is an
unprecedented demand to improve kegn storage of food products while preserving quality
and safety in every stage of its procegsifrom post harvesting to poensumption. Different
technologies, such as total viable count (TVC), metal oxide semiconductor sensors, fluorescence
spectroscopy, dye and polyrgaised colorimetric sensors, as well as RFIDs, are currently applied
for montoring food products. This article provides an overview of current developments in near
field and UHF wireless passive sensors for monitoring of food quality indices and food spoilage
indicators. Solutions based on couptal resonator and UHF chiples3FID sensors with
application to bacteriatount detection, volatile gas concentration, humidity and pH monitoring

are highlighted.

2.2. Introduction

Food quality is an important issue for both the consumer and the food processing industry.
Spoiled food is nobnly a human health concern, but it also causes major economic loss due to
food wastage [1], [2]. In the present day, distance between consumer and production zone is
increasing leading to a complex supply and management requirement. Therefore, newfmethods

preserving and monitoring food quality is needBdditionally, food packaging is only used for
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protection, convenience and containment of food products, and the packaging materials are made
to have minimal interaction with the food materials. Snpaxtkaging techniques, on the other
hand, are designed to interact with the food material and its packaged environment in order to
provide an extended shelf life of the food products. The shelf life of food is dictated by one or
more quality indicators suds colour, texture, odor or mieoyganism counfl]. Environmental

factors that affect food quality are temperature, humidity, light, mechanical stress and pressure.
Smart food packaging focuses on keeping these factors at optimal levels using adbve and
intelligent packaging techniques. Active packaging or modified atmosphere packaging employs
strategies like temperature control, oxygen removal using oxygen scavengers, carbon dioxide
control using absorbers and emitters, moisture control using ne&isorbing pads or desiccants,

the addition of chemicals to change the internal parameters of the food product like its pH, and the
use of antimicrobial coatings to retard microbial growth in the pad@dgéntelligent packaging
focuses mainly on the dity to monitor the conditions of packaged food or its environment. It
adds the functionality of detection, sensing and recording of the conditions and quality indicators
in which the food is stored. Common indicators include freshness indicatorgetiperature
indicators and integrity indicators to detect led@&all the parameters of interesymidity (water
activity), temperature and pH have been identified to be the three most crucial factors affecting
food quality [1]. These three factors, whemonitored and controlled for each specific food
commodity, have shown to significantly increase shelf life.

In addition to environmental parametdogysensors, gas sensors and chemical sensors can be
employed for early pathogenic activity detection in packaged food. Biosensors detect biological
reactions using bioreceptors incorporating specific antibodies to detect target analytes or pathogens
[3]. The activity of pathogens also produces chemicgdrbducts as acidic or basic chemicals
namely, lactic acid, acetic acid or basic amines which can also be dé#cigH [6], [7]. Many
of the biproducts are volatile in nature and thus gas sensors, which offer contactless monitoring,
have been used as an alternative solution as an index of food quality. For instance, in spoilage of
meat products three main mechanisms oeauicrobal spoilage, lipid oxidation and autolytic
enzymatic spoilag¢s]. Microbial spoilage involves the action of mieboganisms like various
molds and bacteria species. The breakdown of the proteins (protein degradation) and fats (lipid
oxidation) results ithe production of new compounds which changes the meat flavor, odour and

texture. The action of common microorganisms in meat, suchErgsrobacteriaceae
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Fig. 2.1 Passive wireless sensor system concepts for packaged food monitoring

Pseudomonas fluoresceand Lactobacillus sakdiave been shown to produce various volatile
compounds like sulfucontaining molecules, alcohols, acetone, fatty acids, amines and -carbon
dioxide[5]. Similarly, foods rich in carbohydrates such ass#rts are broken down into simpler
molecules like organic acids, ethanol and.@0e to microbial actiofi6]. Total volatile base
nitrogen (TVBN) and trimethylamine (TMA) are used worldwide as indicators of fish quality and
decomposition [7]. The deteoh of spoilage due to microbial action using its volatiles in different
kinds food can be very distinct from one another. It is important to note that gas sensors give
guantitative information on pathogenic activity by indirectly sensing the gasequedbicts
resulting from their metabolic activity [8].

Several different transduction schemes can be employed for food quality monitoring, namely,
electrochemical [9], [10], electronic [11], mass sensitive and optical. Optical transducers are based
on indicdor dyes that change one or more optical properties such as color, fluorescence and
chemiluminescence when they react to specific analytes [12%epkitive dye and polyaniline
(PAnI) colorimetric sensors have been demonstrated for monitoring spoild@@dpiCardinal,

Round nose grenadier andlk,y s h [ 13] , [ 14] . These sensors ¢
TVB-N level in the package headspace. Electrochemical sensors typically employ amperometric

[9] or potentiometric approaches [10]. These sensors make use of charge transfer between a solid
or liquid electrolyte and an electrode and give an output current or voltage proportional to the
concentration of the electroactive species at the working electrode with respect to a reference
electrode. As the electrodes are in contact with the food matedebmpatibility must be

addressed. Most electronic transduction sensors are based on-efféeldtransistor (FET)
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Table 11
Comparison of wireless sensing modalities.
Passive Sensin| Visual Typical Reader Technology Tag Calibraton
Technology| Access Range Cost Required
Opticalcolorimetric | Yes Line of sight Camera Low Yes
Active RFID | No >10m RF Transceiver High No
HF - | No 0.1-0.5m NFC Devices Medium No
passive RFID
HF- | No 2-5cm Impedance Analyzer Low Yes
LC resonator
UHF- | No 10m Commercial hardware Medium No
passive RFID
UHF- | No 0.20.5m Custom RF Low Yes
chipless RFID Electronics

structure where the gate is a chosen material or functionalized surface for adsorption of a specific
gas or analyte [15], [16]. Monitoringhange in permittivity and conductivity of food material or
gassensitive polymers is another common transduction scheme that is widely used [17].

The advancemenis printed electronics and material science have led to the easy integration of
different ransduction mechanisms into wireless senf8t RFID sensors are categorized as
active RFID, passive RFID or chipless RFID. Active RFID sensors are finding increased use in
food-chain monitoring as data loggers, most commonly tracking temperaturetétmperature
indicators)[19]. They can operate over long distances but requirdtarpand are expensive.
Passive wireless sensors, on the other hand, do not require a battery, thereby, making them low
cost and environment friendly. Such sengmesent new opportunities in legost food quality
monitoring.Based on whether they hauve iategrated circuit (IC), these can be classified as chip
based or chipless sensors. Chgsed passive sensors acquire power required for activation
through energy harvesting or from the reg@®]. Commercial RFID tags utilize this approach
[21]. Chipless radio frequency sensors do not employ ICs and offer the benefits of longer life and
lower cost PassiveRFID sensor@arealsocompatiblewith planartechnologyallowing themto be
producedby roll-to-roll processingdecreasingthe unit cost. Fig. 2.1 shows the generalized
concept of different passive sensing systems for packaged food monitoring.

Tablel.1shows a comparison of different sensing modalities used for food quality monitoring.
Depending on the modalitygrchitecture, complexity and dgsn requirements differ. High
frequency passive RFID is compatible with many commercially available readers including NFC
enabled devices such as smartphones. For sensing applications, additional electronics are

incorporated within the RFID increasing theost. The sensing electronics typically do not need
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calibration. Highfrequency LC resonatdrased sensors require measuring the impedance
characteristics of the tag. Expensive and operationally complex impedance analyzing electronics
is typically requied to receive/analyze the data. Recently, howeverctist/passive LC resonator
readers have emerged [22], [23].€5onator sensors provide quantitative measurement (of pH,
permittivity, bacteria count change, etc.) of the food, but can be affectedhviprament
parameters and require calibration. Typically, during food spoilage or quality monitoring, high
frequency passive RFID sensors measure volatiles or analytes in food package whereas the LC
resonatobased sensors measure dielectric permittidtyip-based passive UHF RFID systems

are a mature technology and have been widely commercialized for asset tracking applications. In
addition to the power, processing and modulation circuitry, additional active sensing components
can be integrated for sengi applications. This makes them comparatively more expensive.
Chipless RFID on the other hand mainly relies on passive transduction mechanisms, like dielectric
or capacitance change, for their operation making them less expensive. The readers for chipless
RFID, however, require complex and specialized architectures based on their mode of operation.
Examples of reader architectures include time delay/pulse position based readers [24], UWB
impulse radabased readers [25], frequency domain readers for nasitinant tags [26] and
syntheticaperture radar imaging based readers [27]. A detailed review and comparison of different

chipless RFID systems can be found in [28].

In this chapteran overview of current developments in HF and UHF wireless passive sensor
for monitoring food quality indices and food spoilage provided HF passive sensors, as
categorized depending on their principle of operation and presence of chip, are described in the
following sections. For UHF passive sensors, the development afidasipns of chipless UHF
sensors to food monitoring are highlighted. For both HF and UHF passive seitents of
humidity, temperature and distance between sensor and reader is discussed along with prospects

and challenges for future commercializatadrwireless passive food sensors.

2.3. High-Frequency Passive Sensors

A complete HF passive sensor system consists of a reader such as a smartphone and a responder

such as a sensor tag. The reader wirelessly energizes the sensor tag and reads data from the sensor
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Fig. 22 Schematic of steps for wrapping and adhering silk LC resonators onto foods. 1
Water vapor is exposed to the back afion-crystalline functionalized silk films, resulting

in 2), a functionalized film in which the back surface of the film is partially melted and
acting as glue. 3) This melted surface is conformally applied to arbitrary surfaces witt
gentle pressure, resulhg 4), applied functional sensors on a variety of foof29]. [© 2012

WILEY -VCH Verlag GmbH & Co. KGaA, Weinheim]

tag through inductive coupling. HF passive food sensors carategorized into three classes

depending on their principle of operation.

2.3.1. LC resonators measuring dielectric permittivity.

These sensoroosist of a simpleinductarapaci t or (LC) resonator. T
is proximity coupled to the food item so that it is dependent on the dielectric permittivity of the
food. As food ripens and spoils, its chemical composition changes resulticitange in its
dielectric properties [17]. This changes the coupled capacitance, and in turn the resonant frequency
of the sensor. These sensors are either attached to food package or placed on the surface of the
food itself. The approach has been dentraesd using conformal adhesive LC resonators attached
on the surface of a banana skin or cheese sy8geas a 3D printed LC resonator integrated in

a milk package caf30], and as a planar LC resonator attached to a milk package Jaface

For example, researchers have developed LC resonators on a biocompatible flexible silk
substrate which can be directly adhered on the food syé&fgdn [26] the fabrication processes

of the planar LC resonators by patterning gold on silk substrate is awbkaritich are based on
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Fig. 2.3 Measured resonant frequency the during banana ripening process. Conducted :

room temperature (22 C) with a relative humidity of 30% [29]. [© 2012 WILEY-VCH

Verlag GmbH & Co. KGaA, Weinheim]
transferring gold patterns onto silk substrates using inkjet printing, shadow mask deposition, silk
transfer micropatterning, or contact transfer which directly tramsfanepatterns from a donor
substrate onto the silk substrg2®]. Methods to conformally wrap the sensor on a-plamar
surface and then adhere to the food surface have also been developed. Fig. 2.2 shows the schematic
of the wrapping and adhering pess. The conformal LC resonator sensor closely interacts with
the food underneath it. The depth of interaction between the food and sensor (penetration depth)
depends on the operating frequency of the sensor, electric conductivity and dielectric mrlarizat
loss of the food. For high logangent materials the penetration ddptimversely proportional to
the square root of the operating frequency of the sensor. Hence, for sensors opetéing at
frequencies the fields will penetrate well below the sigfaf the food. Fig. 2.3 shows how the
resonant frequency of a 36 MHz tr€sonator sensor changes during the banana ripening process
[29]. Impedance changes were measured using a coil connected to a network analyzer as the reader.
Bananas were initially gen and underwent transition to yellow and then brown appearance over
a 9day period. A significant (20%) change in resonant frequency was observed, showing the
potential of dielectric based food quality sensing. These types of sensors have also b&en used

detect food dielectric changes due to bacterial growth in cheese and in milk spoilage.

2.3.2. Passive RFID based HF sensor.

The use of HF passive RFID sensors for monitoring food spoilage or quality typically employs

monitoring the volatiles produced in thedtbpackage or monitoring analytes, such as pH or KCl,
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in the food solutiorf32] [33] [34] [35]. Researchers have approached this by either modifying
commercial RFID tags with gas or analyte sensing polymer cod84$§432], or using custom
made RFID tags with an interface to a polyrbased gas sensing resistive circuit or to yeal
sensing electrodd83], [35]. In [34] the group developed an ammonia sensitivelAPESi layer

that is inkjet printed on the coils of a commercial RFID tag. Fig. 2.4 shows the modified
commercial RFID tag with a printed PAANI layer (black dots in thfigure). The sensor employs
the large change in electrical properties of the-PR&i coating when exposed to TMB. Under
ambient, low TVBN, conditions the coating conductivity is high, this acting to produce a large

shunt conductance between the tags¢ dramatically reducing its €actor. When exposed to
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Fig. 26 (a) Prototype volatile absorption sensor with hydrogel coated MMO and Ag/Ag(

electrodes.(b) An equivalent circuit diagram of the sensof8]. [© 2014 Elsevier B.V.]

amine gas the PAni changes to an insulating state, and-filhhed@ is increased. Thesearchers

used this to develop an &ff-On tag where the impedance mismatch of thetegillC is used to

monitor TVB-N threshold level using a smartphone NFC reader. Under low-N\d@ndition,

when the food is safe, the coil is mismatched and theamagaot respond to the reader. As food

spoils TVB-N concentration in its package gradually increases, reducing the mismatch, and at a

certain threshold the tag turns on and can respond to the reader. The researchers have demonstrated

the applicability ofth s sensor for meat

spoil age

mo n i

tor i

response (S11 at the reader measured using a network analyzer) for different concentration of NH

2.3.3. LC resonator measuring volatiles.

Based on an L&€esonator approach, sensors fommaring volatiles or pH in food products has

been developed by the authors. A hydrogel coatedlpktrodebased neafield passive wireless

sensor for determining acidic and basic volatile concentration is descrif8§].imhe sensor has

been applieda detection of fish spoilage by measuring T™WHevels[8]. The prototype sensor
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Fig. 2.7 (a) Resonant frequency of the sensor after reaching equilibrm state as a functio

of NHs concentration at 24°C (20mins. after initial exposure to each concentration of Nl

(b) Experimental setupfor wirelesstilapia spoilagetest. A 25 g tissuesample of fish andthe
wirelesssensorare placedin a jar. The sensor's resonanfrequency is measuredusing the
interrogator coil connectedto animpedance analyze(8]. [© 2014 Elsevier B.V.]

consists of two parts, a hydrogel coated-glectrode pair and a varactoased passive L-C
resonator. For the hydrogel coated pH electrode, a mixed metal oxide (MMO) pH sensitive
electrode and silver/silver chloride (Ag/AgCéference electrode are coated with a thin layer of
hydrogel. The hydrogel acts to contain the electrof@te The sensor, shown in Fig. 2.6a, is
designed to have a resonant frequency near 6 MHz and was fabricated with a rectangular coil
inductor,surfacemount capacitors, resistors and a varactor. An equivalent circuit diagram of the
sensor is shown in Fig. 2.6b. The coil inductor is connected in parallel with a vdrastat
voltage sensing circuit and a hydrogel coatedspHsitive electrode paiLs is the inductance of

the spiral inductor. Basic or acidic volatiles produced in a closed environment due to food spoilage
are absorbed by the hydrogel. As a result, the hydrogel pH changes which in turn changes the
voltage, b1, across the pidensitie electrode pair. The varactor capacitance pQ(\thanges in
response to the low frequency change of the biasing voltage. The spiral inductor and capacitor

form a resonant circuit with a resonant frequengy, f

0 3



In this manner the sensor's resonant frequency is directly related to the basic volatile dysorbed

28

the hydrogel. This corresponds to the volatile concentration in the package and the microbial count

generating the volatile. For fish spoilage monitoring the sensor needs to respongd FogNEl 7a

shows the sensors resonant frequency response fieredif concentration of NgdThe response

time of the sensor is 20 mins. This response time is adequate for fish spoilage monitoring as the

increase TVBN in a fish package occurs over a period of several hours to days. The resonant

frequency has a linearelationship with the logarithm of NHconcentration. The N

concentration can be measured with an accuracy of 13% and the detection limg isf(NGD1

mgLt.
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Fig. 28. Resonantfrequency of the sensorand bacterial population in fresh tilapia kept ai

4°C over a period of 4.5 days. Bacterial data are the average of tworeplicates[8]. [© 201«

Elsevier B.V.]

The sensor was used to measure spoilage of Tilapia fish in an enclosed environment as shown
2.

nitrogen (TVBN) was produced in the fish package as it spoiled. The fish spoilage trials were

in Fig. 2.7b[8].

performed at 4°C, similar to storage conditions. For each dirberials, the sensors response

Fi

g .

8

shows

t he

change

n

t he

was correlated directly with the bacterial population in the fish (by TV@Paedudomonasount

sen

as evaluated using standard microbial counting methods). Comparison of the sensor response and

bacterial count results, as shown in Fig. 2.8, demonstrate that the sensor can accurately track

spoilage effectively and can distinctly identify the TV@daPseudomonas value of’idfu g,
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which is defined as the safe spoilage level for fish. This demonstrates that these types of sensors

can provide quantitative measurements of bacteria count.

A similar version of the sensor, shown in Fig. 2.9, was used for monitoring pH in liquid
products. In this application the hydrogel electrolyte is removed and the sensor is encapsulated to
make it biocompatible and insensitive to tligiid dielectric loadingd34]. The sensor was used

for monitoring milk spoilage as shown in Fig. 2.9.
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Fig. 29 Resonant frequency response of embedded sensor and pH measured over 4 day
milk left at room temperature. (b) Milk container with encapsulated sensor inside measurt

with an impedance analyser at 5 cm distand&71.
2.4. UHF Sensors for Food Quality Monitoring

Passive RFIDs are powered by the reader, where the incident signal is rectified and used to
power the active electronics (an integrated circuit bonded to a tag antenna) that stores the sensor
ID and possibly sensing functions. The electronics modulatesgha@ntenna impedance so that
the backscattered signal is encoded with the ID/sensor inform@&jn Passive RFID with
temperature sensing capabilif$9], [40], are suited for food monitoring. Additional circuitry for
sensing increases the cost ardlies the read range of these sensors. A detailed review of chipped
RFID based sensors with application in the food industry can be folhtl]irHybrid approaches
have been proposed [#2], [43] for monitoring of pork and wine. These sensors use the detuning
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effect between the RFID antenna and chip due to dielectric change of the food commodity for
monitoring its quality. Similar techniques are usef#i, [45] for gasbased sensors where agas
sensitive polymer is selectively coated on the RFID antenna, which intern detunes the antenna
impedance. Commercial RFID tags for moisture sensing applications employ teddgique

Chipless UHF sensors do not employ active electronics to modulatedetimtackscattered
signal, instead, they use variations of their frequency response amplitude/phase, induced by
passive resonances or discontinuities in transmission lines, for their operation. Even though UHF
chipless sensor technology has the potetttibe very inexpensive, it is still in its infancy, requires
custom readers and its application to food monitoring is just being explored. Chipless UHF sensors
operate in the fafield or radiative neafield region enabling increased interrogation diséaas
compared with their HF counterparts, which use coupled coils. Additionally, UHF (SHF)
frequencies enable the use of muodtsonator elements and distributed element printed planar
technologies. A review and comparison between chipped and chiplessRBHFsensors is
provided in[47]. In the following sections, we concentrate on chipless UHF sensors as possible
candidates for food monitoring.

2.4.1. Chipless UHF Sensors

Chipless UHF senss operate using retransmission or radar esession backscattering
approaches. In the retransmission approach, as shown in Fig. 2.10, wideband antennas receive and
retransmit (usually with orthogonal polarizations) the reader signal. Resonant elesnehtas

m Measurement ||
—— Regression

20 40 60 80
¥/°C

(@) (b)

Fig. 210 (a) Retransmission based sensing itime domain with single BST resonator fo

temperature sensing. (b) Measured resonant frequency of the sensor for various temperat
conditions [51]. [©2012IEEE]
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Fig. 211 (a) Stepped impedance resonator for humidity sensing (b) measured insertion |

of the sensor corresponding to differenhumidity conditions [52] [©2012IEEE]

stub resonatoif@8], split-ring resonators and spiral resona{d®j are inserted in the transmission
path producing a frequendependent response. The resonators can be functionalized using
coatings to sense humidiig9], or temperaturgs0] changes for example. The tag shown in Fig.
2.10, suited to food storage monitoring, uses a stub resonator with a EtroumtiumTitanate
(BST) coated capacitor for sensing temperature chafijds Extension of this concept for
simultaneous sensing andeidification employs a multiple series of stepped impedance
resonators, as shown in Fig. 2[52]. Here, one of the resonators is reserved for humidity sensing
using a Kapton polyamide coating while the other resonators retain a fixed frequency
representative of the sensor ID. Tha@main sensors employing ukvadeband (UWB) antennas
connected to émsmission lines of different lengths have also been expl&@e&d Here a
transmission line is loaded with a thermistor to produce a tempedspendent delay. A UWB
monopole antenna connected to a delay line with a thermistor load to sense temjaetjaburte

a delayline coated with silicomanowires to sense humidity have been demonstiaié.d

Radar Cross Section (RCS) based sensing techniques rely on the variation of the magnitude
and/or the resonance frequency of a backscattering source. The scattering element is usually a
resonant aminna. Variations are brought about by a change in conductivity, permittivity or
permeability of a sensing material which is deposited on or tightly coupled to the scattering

element. Many types of scattering sources such as shorted dggjldsent sloresonator$57],
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Fig. 212 (a) Experimental setup used for measuring radar cross section of the annular ¢
ring antenna. The sensing tag is placed at a distance of 80 cm from the interrogating antey
inset isthe example of measured RCS of the talp) Measured percentage change in resone
frequency with time for different saturated salt solutions. Note the initial room humidity wa

not controlled and thus the initial resonant frequency varies in the measuremén[61].

circular and rectangular ringS8] have been proposed. For gas sensing applications, graphene
coated split ring resonator elements have besed[59], and humidity sensing has been
demonstrated using-§haped resonators coated with paiyyl alcohol (PVA) and polymethyl
methacrylat¢60]. The authors have demonstrated a-dhaaid annular slot antenbased element

for sensing humidity in p&aged grain headspaff&l]. The sensor, shown in Fig. 2.12, uses the
same scattering element for generating two signatuae®ference and a sensing signature. The
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temperature threshold detection. (b) Measuregberformance of the sensomwith pure coconut

oil as the sensing material62]. [© 2019, IEEH

PVA sensing material used has high sensitivity and low loss in the low humidity regime which is
desirable for monitoring packagedagrs. The permittivity of PVA changes with humidity which

in turn changes the resonant frequency of the annular slot. Fig. 2.12a shows the frequency response
of the sensing and reference (fixed) backscattered signals for different relative humidity
conditions. Fig. 2.12b shows the corresponding change in resonant frequency measured for four
different relative humidity conditions, as set by different saturated salt solutions. A similar
approach, shown in Fig. 2.13, was used6®] for temperature thresholiddication. Here the
scattering element consists of three closely packed asymmetric circularingplihested
resonators, one of the resonators is coated with-adrmpatible coconut eibased material for
temperature threshold detection. The sensaretsilthe phase transition of the superstrate coating

that occurs with a change in temperature as a temperature threshold detector. Two resonators are

insensitive and act as identifiers.
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Fig. 214 (a) Inkjet -printed flexible Van-Atta reflectarray prototype, next to a standarc
"credit -card" size RFID tag package (b) Plot of measured resonance frequency of the inkje

printed Van-Atta array as a function of ambient humidity level [63]. [© 2016, IEEH

2.4.2. Limitations of Chipless UHF Sensors

The biggest disadvantage of chipless wireless sensors is their vulnerability to environmental
clutter. This limits them from being used in mamactical applications. Several techniques have
been used to circumvent this, such as the Van Ata-basgd retrodirective reflectarray antenna
[63]. Retrodirective reflectarrays provide a much higher radar -s@dson signature when
compared with corentional antennas in the direction of illumination. A VAta array operating
at 30 GHz for humidity sensing application using a v array is shown in Fig. 2.14. The entire
array is inkjet printed on a flexible Kapton HN substrate, a humidity sensititerieda A
sensitivity of YQYYOI'Q 1 1 was demonstrated for a range of 5 m and a 20 dBm transmit
power and later extended to 20 [B4]. As arraybased sensors are large compared to the
wavelength, their application is often limited to mvave frequacies where the cost of electronics

for building readers is often high.

Frequency diversity between the incident interrogation signal and the scattered/retransmitted

signal can also be used in passive sensors for clutter rejection. This is achievidryy aitaighly
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Fig. 2.15 (a) Fabricated circuit and the complete tag setup with antennas and pH electro
(b) Measued phase change for harmonic operation at differenpH [69]. [© 2019, IEEH

nonlinear device such as a diode, either as a passive harmonic frequency generator or a passive
mixer, to produce a backscattered signal at either the harmonic of the incident wave or the product
of two incident waves. This technigbas been demonstrated in the sensing of physical parameters
such as temperatuf@5], [66], [67], humidity[68] and pH[69]. Fig. 2.14 shows such a harmonic
sensor for pH sensing consisting of a pH combination electrode for transd@éjiorhe potentia
generated by the pH Electrode pair is used to bias a pair of varactor diodes, which acts as a reactive
element of a phase shifter. The interrogation signal is first doubled, then passed through the phase
shifter to acquire a phase change proportiontii¢sensing varactor diode bias and retransmitted
back to the interrogator. Harmonic sensors suffer from high conversion loss and require high power

interrogation signals for operation.

Another method to reduce the clutter is through use of a depolaciziagpolarizing scattering
element, such a dipole oriented af 4& the polarization of the incident interrogating wave as
proposed in[70], [71], [72]. Though not as effective as harmonic sensors, these radar cross
sectionbased sensors, when designed with high quality factor and post processed effectively with
a shoritime Fourier transform, have been shown to improve clutter rejg@8)nAn exampleof
a depolarizing tag based sensor developed by the authors targets sensing ammonia gas as shown
in Fig. 2.15[74]. The sensor consists of two annular slot scattering elements, where one is used as
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a stable frequency referen@nd the other is connected to two hydrogel coated combination
electrodes to sense acidic/basic volafiB&g. The annular slots are capacitively perturbed to excite

a desired crospolarization component. Fig. Zlhows the measured frequency changi wi
different ammonia gas concentration. Results demonstrate detection of lower than 20 ppm

ammonia gas, making it suitable for monitoring spoilage of fish/meat prd@&jicts

2.5. Discussion

In addition to the limitations already discussed, and depending dratisgluction mechanism

employed, RFID sensors can be affected by many factors, such as humidity and temperature. The
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response of polymedrased gas sorption sensors can change with humidity and possibly fail at very
low humidity leveld36]. Electrode baskanalyte or gas measurement sensors are also affected by
temperature. Differential sensing or compensation using 4patimeter sensing can be used to
minimize these effects [75]. Distance between and orientation of the ttegdeoils in LC
resonatotbased sensors can also affect the measured frequency response duedd lntating

[76]. Chipless UHF tags typically do not suffer from the same effects as gsetesoogator

loading is minimal.

Although many different modalities of wireless passseasors have been explored for food
spoilage or quality monitoring in research settings, currently few have been commercialized. Only
active RFID HF and UHF sensors have seen widespread use for food quality monitoring, these
mostly in timetemperature indation application§l9]. Looking forward though, as the demand
for food security increases, passive sensors have great potential as they-effectost and do
not require a battery. Among the different modalities passive chipped RFID systems will be
relatively easy to deploy, driven by the possibility of using the NFC technology already installed
in most smart phones as readers. HF and UHF chipless sensors may play a role in mass consumer
product applications, where extremely loast tags are economaic Even though simple,
guantitative measurement of quality indicators over time can be performed, such as bacteria count,
the challenge to deploying them in the market is the need for custom readers. For chipless RFID
sensors, readers based on -Hovst inpedance vector network analysis IC hardware, is now

becoming available.

Biocompatibility was not considered for many of the sensors described in this paper and another
challenge for deployment of future food sensors is the need to encapsulate them thiemaka
of biocompatible materials that can be placed inside food packaging or in contact with the food.
With the advancement of material science, organic materials are being explored for electronic

components and will be of importance for food sens@tementation.

2.6. Conclusion

Wireless passive sensors offer the benefits of no battery requirement, longer life and lower cost.
In this article we presented several HF and UHF passive sensors suited to food quality monitoring

applications. The sensors are capable of monitoring temperature, humidity, pH or volatile which
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are key indicators of packaging integrity, storage conditions or spoilagdawéeshow that
selective sensing of volatiles can be made with adequate sensitivity so that correlation with bacteria
count is possible. With the progress in printed electronics techniques and new materials,
deployment of biecompatible and environmefriendly passive RFID and chipless sensors ha

become much simpler and pressnew paradigm in food quality monitoring.
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Chapter 3.

Radar Cross Section Based Chipless Tag with Built  -in
Reference for Relative Humidity Monitoring of Packaged
Food Commodities

Chapter 2 presented the background literature of wireless passive sensors for packaged food
monitoring applications. Relative humidity is one critical parameter that when monitored
controlled improves the sH life of various packaged food products. This chapter presents a radar
cross sectiofibased sensor for relative humidity sensing. This chapter is based on the published
pap®&rRaand G. E. Bridges, ARadar Crossn Secti
Reference for Relative Humidity MBESerts.dppi ng of
1i1,Jun. 202, and presents a novel sensr with inte

a compact form factor.

3.1. Abstract

Dry food commodities like gmas and pulses can be stored safely for several years under
controlled storage conditions. The equilibrium moisture content of the packaged grain is one of
the most important parameters required to be monitored and controlled for extended safe storage.
This chaptempresents a single element dpalarized sensing tag based on an annular slot antenna
operating at two closely spaced resonant frequencies for radaiseatgsibased monitoring of
relative humidity in hermetically packaged food commodities. One akefenant frequencies is
functionalized for sensing while the other acts as a-buiteference, mitigating the effects of
environmental loading. A polyvinyl alcohol coated interdigitated capacitor, integrated onto the
antenna is used as a capacitive taesr for the sensing element. Laboratory scale measurements
were carried out using the saturated salt solution method. Results show that the proposed sensor

can be used for monitoring a wide range of humidity conditions.

3.2. Introduction

Sensing, monitoringand regulation of compositional and environmental factors play a vital

role in quality estimation and control of stored food commaodities. Microorganism levels, catalytic
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enzymes, and trace metals internal to the food item make up the compositional Rigtersal
parameters like temperature, humidity, light, mechanical stress, and pressure in which the item is
stored makeup the environmental parameters [1]. Water actidiy)( the ratio of vapor pressure

in a food material to that of pure water at #aene temperature, has been identified as the one of
the most important factors affecting food deterioration. It is well established that critical values of
@ can be established to extend the shelf lives of various food commodities [2]. Relativeyhumidit
of the immediate environment in which the food is stored directly affe@ad thus is one of the

key factors that affect the shelf life. This is of immense importance in the case of dry food

commodities (water content class 1) that are packaged and stored in large quantities for long

Interrogator
RCSg RCSg

— Tx

Rx — Antenna

Headspace
Food Commodity

Fig. 31 Schematic representation showing headspace monitoring of packaged fo

commodity using the proposed passive chipless radar cross section (RCS) based sensol
periods. Dry storaggems like grains and pulses, for instance, can be stored for up to 10 years

without quality degradation if optimal storage conditions are met. The temperature and moisture
requirements of these food items are typically in the ranged.0f & and 161.2%, respectively,

for maximizing their safe storage periods [3]. Dried fruits like dates and figs require a humidity
range of 55/5%. Even though regulatory standards mandate safe storage procedures during long
term storage and transport [4], little attentis dedicated to monitoring and quality control at the

packaged level.

Grains, including lentils and pulses, are often stocked in low volume hermetic bags during
storage, transport, and distribution, especially in the developing parts of the worlcfbiiell
atmosphere packaging (MAP) techniques, like nitrogen flushing, vacuum packaging, and gas

selective packaging films are generally employed to maintain the moisture content, carbon dioxide,



48

and oxygen levels inside hermetically packaged grains [&reatively, the lowcost technique

of naturally increasing the concentration of 4®the packaged bag through respiration of the
commodity has also been proven to be effective in both mold and pest control [7][8]. Hermetic
bags, however, which are aftenade of 23 layers of (~25Q | thick) polyethylene plastic [9],

are prone to the exchange of gases likeCD, and water vapor over extended storage times due

to their finite permeability coefficient and, perforations that may occur during storaparaaichg

can cause significant quality degradation with time [10]. Integrity inspections and headspace
analysis are hence frequently required for their quality estimation. Pattkpgekage
inspections, however, necessitate expensive, low throughputeeptiprhich commonly requires

puncturing and resealing of the inspected item [11] [12].

Passive chipless wireless sensors can be broadly classified into two categories based on the
approaches they use for their operation. The first approach is basedretrahemission of the
interrogating signal. The sensing element in this technique consists of a receivivgdgdtvand
antenna connected to passive sensing components, such aggwlént transmission lines, spiral
or splitring resonators [16][17]@][19] or a SAW element sensor [20] [21], and then finally to a
transmit antenna. The second approach is based on the backscattered radacioosgRCS)
signature of the tag. In this technique, either the resonance frequency or RCS magnitude of the
back-scattered signal carries the information of the parameter being sensed [22] [23] [24] [25]
[26]. The RCSbackscatter approach has the advantage of being considerably smaller in size,
enabling higher data capacity for their integration with radar @egon based radirequency
identification systems. Though RCS based tags are prone to environmental clutter, the received
signal is usually of larger magnitude compared to the retransnysaged approach. This is
because, at resonance, antennas auilgh reflectionload tend to have a large RCS due to the in

phase superposition of the structural mode and antenna mode [27].

In this chaptey an RCSbased humidity sensing tag with an integrated reference signature is
presented with its potential applicat in the monitoring of packaged food commodities, like
grains and pulses, that require controlled moisture content for their safe storage. The tag is
designed to operate in duakquencies with orthogonal polarizations such that the backscattered
field consists of two distinct signatures independent of each other within a narrow bandwidth of

operation using a single scattering element. One of these signatures is made sensitive to humidity
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Fig. 32 (a) Experimental setup used for humidity sensing and characterization of the
interdigitated capacitor. (b) The measured impedance response of the capacitor and the ctL

fitted data obtained from the extracted equivalent circuit. Inscribed is the equivalent circu

model (without PVA coating Req=3.15 k , Ceqv=545 fF, and Leq= 41 $).

by loading it with an interdigitated capacitor coated with the humidity sensitive material, polyvinyl
alcohol (PVA), which changes the resonant frequency of the sensingiB@8ure ¥ 6Y) with

a change in the humidity. The second signature serves as-mbafierence RCSY 6Y) which
provides immunity to environmental loading, like that of the package, through differential sensing
capability. The second signatucan also be functionalized to monitor other parameters like
temperature, vital in food quality control applications. A schematic representation of the

application of the sensing system to packaged grain monitoring is shown in Fig. 3.1.

3.3. Sensor Design

3.3.1. Sensing Transducer Characterization

The design of the sensing slot antenna requires proper characterization of the PVA coated
capacitive transducer. The interdigitated capacitor (IDC), shown iIrBRi@), was fabricated on
an FR4 board of 0.7874 mm thicknessl with a finger gap and width of 0.275 mm and 0.2 mm
respectively. Thémpedance response of the uncoated interdigitated capacitor was obtained using
a calibratedAgilent E4991A RFmpedance analyzer. The equivalent circuit of the IDC was
obtained usingurvefitting in MATLAB [28]. The measured impedance response, the obtained
equivalent circuit, and its fitted input impedance response are shdvwig. Bi.2(b).Deposition of

PVA coating over the interdigitated capacitor was accomplished by using a teynipBrawell
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Table 31
Sample salts and their equilibriumRH at 23°C, 1 atm [30]

Saturated Salt Solution

Equilibrium - RH%

Magnesium Chloride (MgG) 32.78
Potassium carbonate {8Os) 43.16
Sodium Bromide (NaBr) 57.6
Sodium Chloride (NaCl) 75.29
Potassium Chloride (KCI) 84.34
700 T —T—TTT T T I
100
680
KCI
F 1 660
3 75; NaCl ; 640
g : MgCIz 1 E 620
£ su;‘f\f 5600
; . 1 © 580
% 560
* 25_ 540
520
ol ‘ o ‘ 50001l ! ' ]
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time (min) time (min)
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Fig. 3.3 (a) Measured relative humidity in the chamber for each of the salt solution€hange

in equivalent circuit parameters (b) capacitance &g and (c) resistance Ry of the PVA

coated interdigitated capacitor for different saturated salt solutions.
of 0.7874 mndepth around the IDCs, which is filled with a 20% P%@utionin water, followed
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by drying at room temperature for 30 mins. This was repeated to get the desired thickness of PVA
(20t m), which dictates both the sensitivity and the response time of the sensor. The sensor IDC
was then exposed to different humidity ddaions by placing it in a 200 ml sealed beaker carrying

a 20 ml solution of different saturated salts as shown inF2ga). The concentration of water
vapor inside the chamber increases with time until an equilibrium is reached. Depending on the
type d salt a different equilibrium relative humidity level is attained inside the charlsemilar

process occurs in the storage environment of food items, where an equilibrium RH is attained
depending on the initial storage RH, temperature and the mocstotent of the item [29]. Table

3.1 gives examples of saturated salt solutions and their equilibrium relative humidity obtained from
[30]. The RH in the chamber was also monitored using a commercial sensor SHT70 [31] which

has an RH accuracy of 2% and 8 sesponse time.

Exposure to different RH causes a change in the measured impedance response due to the
variation in capacitance and resistance of the IDC (the parasitic inductance stays constant). The
equivalent capacitance and resistance changes exrécm the humidity dependent input
impedance is shown in Fi§.3. As the humidity inside the chamber increases the capacitance of
the IDC increases and the resistance decreases. These results are in agreement with the ones
previously reported in [22] ah[32]. PVA being a hydrophilic, hygroscopic polymer, water
molecules diffuse into the polymer matrix through adsorption and absorption. This gives PVA
based sensors higher sensitivity and faster response time when compared to hydrophobic polymers
like polyimide [33]. The change in the equivalent circuit parameters of the IDC with a rise in the
water concentration inside the PVA is ascribed to the increase in the real and imaginary parts of
permittivity. When integrated with a resonant antenna, this vallltén lowering of the resonant
frequency and quality factor. Though a decrease in the quality factor causes a decrease in
sensitivity at higher relative humidity, it may be used as an additional parameter, along with the

resonant frequency shift, to ingwe the accuracy and reliability of the measured humidity.

The perunit-length parameters for a given thickness of PVA give a more general indication
of the change in capacitance and resistance with RH and form the basis for the design of the IDC
integrated into the antenna. The total capacitance of the interdigitated capacitor can be obtained

using
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Fig. 34 Per-unit-length capacitance and resistance for the interdigitated capacitor vs perce
relative humidity (obtained using different saturated salt solutions).

6 60 pbo (1)

whered is the petunit-length capacitance of a unit cdll,is the number of electrodes aind
is the length of each electrode, is the sum of individual capacitive contributions, namely, gap
capacitance, capacitance due to the fringing fields above the electrodes (PVA coated region), and
capacitance due to the fringing fields below theteteles (FR4 substrate region). The sensitivity
of the sensor depends on the PVA coating thickness and the electrode geometry. A thicker coating
of PVA provides higher sensitivity at the expense of longer response time and higher loss [34]
[35]. In the curent work, a thickness of 30 provides sufficient change to demonstrate proof of
concept. Fig3.4 shows the change in measured-y@t-length capacitance and resistance for
different RH. It should be noted that, at heglranges ohumidity values, theesponse to the
change in humidity is also affected by the swelling of the polymer matrix causingla@an

variation in the response [36].

3.3.2. Tag Design and Sensor Operation

A dualband, duapolarized annular slot ring antenna, as shown in &fg.isemployed as
the backscattering element. The resonant modes of the slot ring antenna occur at the frequencies
at which the circumference of the slot is an integral multiple of the guided wavelength. Teo a first

order approximation, the resonant frequencyhef antenna when operated in the fundamental
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mode can be estimated to be ¢“1 hwherei is the average of the inner and outer radius of
the slot ring and_ is the guided wavelength of the slot line of width equal to that of the width,

w , of a slot antenna [37].

Tuning Capacitor

PVA
Top Copper
FR4 Substrate

Bottom Substrate

(on the bottom side
of the substrate)

-
-

o @)

PVA Coated IDC Aperture field minimas

x-pol
excitation

Chip .
Capacitor S

(b)
Fig. 35 (a) Dual-polarized annular slot antenna loaded with a functionalied interdigitated
capacitor (all dimensions are in mm) (b) aperture field distributions for the two orthogonal
modes.
When excited by an incident field, the aperture field induced in the slot antenna can be
modeled using a magnetic current distribution described by
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For a narrow slot widthw L _ and fundamental mode of operation, we h@e mand
the’O @£ Bo, giving an omnidirectional pattern with maximum radiation in the broadside
direction [38]. The wide beamwidth of the radiation pattern makes the tag less sensitive to
orientaton effects. This mode is characterized by aperture electric field nulls in the direction
orthogonal to the incident excitation field, as shown in &gp. In the current design, the resonant
frequency of the ypolarized mode is perturbed by adding capaeioading at the null regions of
the ypolarized mode, as shown in Figudé&b thereby not affecting the-polarized resonant
frequency Since the equivalent circuit of a slot antenna corresponds to a parallel resonant circuit,
capacitive loading of the-polarized mode decreases its resonant frequency from the unperturbed
case [39]. This gives the antenna two distinct frequencies of operation when excited

simultaneously by two orthogonally polarized incident waves.

The capacitive loading of thepolarized mode is achieved by using an interdigitated capacitor
(IDC) coated with PVA. A coating procedure identical to the one described in sB@&ihrnvas
used. The IDC was designed based on thaipidength capacitance values obtain from Fig. 3.4,
to obtin an uncoated capacitance of 0.5 pF. A second tuning capacitor of 0.2 pF was optionally
added in parallel at the opposite side of the slot to create sufficient frequency separation from the
unperturbed 3polarized resonant frequency, but at the costediuced sensitivity. This fixed
capacitor may also be designed using an integrat€d The capacitance sensitiveprlarized

mode thus gives the ReSignature, and the unperturbeepglarized mode gives the RS

signature, with'Q "Q . An additional open circuit stub was added to theolarized

component to minimize the cross coupling between the modes.

3.4. Experimental Results

3.4.1. RCS Measurement Method

Frequency domain monostatic RCS measurements were performed using a vector network
analyzer in an anechoic chamber as shown in Fig. 3.6. Two identical horn antennas with a gain of

10 dBi (at 2.5 GHz)and an operating frequency range of 2 to 12 GHz were used for the
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Closed chamber with saturated salt solution
and the sensing tag

From T, Port '

Fig. 36 Experimental setup used for measuring radar cross section of the annular slot ri

sensing tag. The sensing tag is placed inside a humiditgntrolled chamber at a distance 8

cm from the interrogating antenna, both the antennas are rotated 90to measurethe two
polarizations (far-field distance is48cm).

measurement of thecattering response of the tag. An (optional) amplifier with a gain of 17 dB
was added to the receiver path to improve the received signal strength. The tag was placed at a
distance of 80 cm from bothhe transmitting and receiving antennas. Before measuring the
scattering from tag™{ ), an isolation measuremerity( ) was performed to remove static

reflections from the measurement chamdosat reader coupling his was followed by a referea

measurementY ) using a 60 mm diameter circular disc with a known RCS, to remove the effects

of antennas [40]. For normal incidence, the unknown RCS of the tag can then be determined using

v "y )
” - ” h (3)
~ v
where ,, is the analytical expression for the radar cresstion of the reference disc given
by
5
” ™ — (4)

whereo is the area of the reference disc.
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Fig. 3.7 Measured RCS of the tagshowing the effect of time gating with different window
width (W} on the frequency domain response of the tag\n interfering tag with the same
resonant frequency is placed aa distanceof 80 cmfurther away from the sensing tag.
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Fig. 38 HFSS simulation resuls showing thevertically polarized RCSs and horizontally
polarized RCS response of the proposed annular slotag with PVA coated IDC. PVA
material properties corresponding to various humidity conditionswere obtained from [32]

Although the isolation measurement minimizes the effect of static scattering sources in the
chamber, the real environment is always accompanied by dynamic scattering sources. A time
gated measurement is used to eliminate the effects of unwanted sgattennes. A Gaussian

time window is used to achieve tliGaussian shape was chosen to preserve the)skapall the
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measurements presented here a Gaussian time window with a width 3.8 ns, considering a time
constant) 7* "Q, was used. A narrower widow reduces the effect of clutter but this, however,
deteriorates the quality factor and reduces the amplitude of the measured signal. The Q of the
resonator is obtained as described in [41]. An example of the measured RCS in the presence of a
clutter souce is shown in Fig. 3.7. Here a second slot antenna operating in the same frequency

band and placed at a distance of 80 cm bethi@densing tag is used as a secondary clutter source.
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Fig. 39 Measured resonant frequency of thevertically polarized RCSs and horizontally
polarized RC (a) magnitude and (b) phase sampled at two different humiditgonditions
obtained using the saturated salt solution method.

3.4.2. Wireless Relative Humidity Monitoring

The vertically and horizontally polarized RCS responses of the sensing tag for normal plane
wave incidence and different humidity conditions, simulated using Ansys HFSS, is shown in Fig.
3.8. A PVA coating of 20t thickness covers the IDC. The PVA complex permittivity for
different humidity conditions were obtained from [32]. Fig. 3.8 shows that the sensing RCS
response decreases with increasing humidity while the reference RESnse remains
unchanged. To demstrate the humidity sensing capability of the sensing tag and its feasibility in
monitoring the equilibrium water concentration of packaged food commodities, a saturated salt
solution test is used. The tag is enclosed in a 200 ml chamber together &ithl sé&turated salt

solution, such that the chamber mimics a packaged environment. The chamber is placed 80 cm
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from the interrogation setup as shown in Fig. 3.6. Two sets of measurements were performed for
the two orthogonal polarizations correspondindR©®S and RCg, respectively by rotating both

of the transmit and receive antenna, for each saturated salt solution. Alternatively, the sensor tag
may be rotated 45to read both signatures simultaneously without changing the interrogator
orientation anteras. Fig. 3.9 shows sample RCS responses of the sensing tag at two different
humidity conditions. Both the resonant frequency and amplitude of the @tature shift with

a change in relative humidity, while the RE€&Sgnature remains unaffected. Thessasurements

are a very close fit to that of Fig. 3.8 in both amplitude and frequency. The quality factor and the
phase response (Fig. 3.9b) of the R@So decreases with an increase in the humidity. In this
chapterwe report the differential change iretpeak amplitude of the RCS response. However, a
differential phase sensing scheme can also be employed as an additional parameter to improve the

reliability of thehumidity measurements.

0.11 \ T T \ 0.195
o]
!
0.095 0.18
0.08 - 0.165
N N
5 5
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u—m u—m
' '
y— [T
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0.035 - 1012
PVA permitivity based
simulation
0.02 : ; ' : 0.105
0 20 40 60 80 100

RH %
Fig. 3.10Measured and simulated differential resonant fregiency vs the equilibrium relative
humidity for the annular slot ring sensor with a PVA coated IDC. Discrete markers indicat
data points, and the solid line is the noitinear interpolated fit. The measured data wer
obtained using the 800 min data pointsfdhe time response obtained using the saturated s
solution test (see Fig. 11)Circles indicate the HFSS simulation results obtained using tl
per-unit-length parameters of Fig. 4. Red squaremdicate the HFSS simulation result

obtained using the pemittivity values from [32].
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Fig. 311 Measured time response of the resonant frequency with time for different saturat:
salt solutions obtained usinghe wireless interrogation setup shown in Fig. 6. Notiat the
initial room humidity is not controlled and varies with background room RH wher
measurements were carried out.

Fig. 3.10 shows the comparison of the simulated and the experimentally mehSereqtial
frequency changdq fs) for different humidity values. The results agree with each other in terms

of resonant frequency change for both the IDC model of Fig. 3.4 and the permittivity model from

23 e |
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~ I
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Fig. 312 Change in resonant frequency of the sensing tag witidsorption and desorption o
water vapor for the saturated KCI test. Inset shows the fabricated sensavith functionalized
IDC.



60

[32]. Note that though there is an offset ire thequency axes, the scales are the same. The
frequency offset between the two cases may be attributed to parasitic capacitances and differences

due to manufacturing tolerances, which are not included in the model.

Table 32
Comparison of the proposed tag with other chipless wirelesgimidity sensors in literature
22?;?5 Reference Sensitivity
Resonant Detection and Sensor signal for * Printability
element method coatin size differential (RH demonstrate«
9 sensing range)
area
Electric
field Transmission PVA i 0.001
coupled minima . 0.132 IRH%

[22] . entire No No
inductor frequency resonator = (35%-
capacitor change 85%)
resonator

. . Silicon 0.00045
Multi RCS maxima , iy 0

[42] element frequency nalnovylre 0.374_ Alddltlonal /RF!)/O No

loops change selective element (74%-
coating 98%)

Frequency R_ef[ectlon Paper 0.001
. minima /RH%

[43] selective f superstrate 0.45_ No 5004 Yes
surface requency  cover (50%-

change 90%)
Van-Atta Processed Kaptoni T

[44] array echo entire 5. 92No (35%- Yes

antenna response Substrate 75%)
RCS maxima 0.001

This Annu]ar resonant PVA 0.285 /RH%
slot ring coated Integrated No

work antenna frequency IDC _ (33%-

change 85%)

“sensitivity= 3°Q TQ 13Y '
Fig. 3.11 shows the measured time response of resonant frequency, beginning from room
humidity, for different saturated salts. The resonantuieegies, in this case, were obtained by
curve fitting the maxima of the RCS magnitude curves. To demonstrate the reversibility of the
sensor Fig. 3.12 shows the adsorption and desorption for the KCl saturated salt case (RH of 83%).
The sensor response rbas equilibrium at 500 mins and stays stable. At 1100 mins the KCI
solution was removed, and the RH was allowed to return to the environment level. The resonant
frequency returns to the initial level indicating minimum hysteresis of PVA as previousl|gtexlic

in [22], making it suitable for a wide range of applicatiomable 3.2 shows a comparison of the
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sensor tag presented in this work with other chipless, passive humidity sensor in literature. The tag
integrates backscattering signals for both theisgnand reference signals into the same antenna
element. This enables the tag to be small in size while still providing for differential sensing
capability.

3.5. Conclusion

This chaptempresents a duddand, duajpolarized annular slot ring chipless sensing tag for its
application in moisture content monitoring in the headspace regions of hermetically packaged food
products. The proposethipless sensor employs an integrated referempgelkswithin the same
antenna structure. This eliminates the need for an additional antenna element for reference, keeping
the size of the sensor compaét. low humidity conditions, and for the PVA thickness of 20
tI (measured it with profilometgrthe sasor provides a high Q and high magnitude response
but at lower sensitivity. At high humidity conditions, the sensor gives a higher sensitivity but at
the expense of quality factor and RCS magnitude. An optimum response of the tag for applications
involving different RH conditions for different food commodities may be achieved by appropriate
selection of the PVA thickness. The integration of the reference signal into the sensor allows
differential sensing and helps mitigate the detuning effects of the giagkanvironment. The
sensor can be effectively used in low clutter environments, such as a factory or warehouse facility,
this being suited to situations when the package integrity is required to be tested after packaging
and before shipping. In such asario, the packaged commodity is usually on a moving conveyer
belt, where in addition to easy background subtraction andgatesl measurements, the doppler
shift caused by moving targets may be used to remove unwanted stationary clutter [45].
Additionally, signal processing techniques presented in [46] [47] can be used to reduce the effect
of clutter and better estimate the resonance frequency. Techniques fiketad®n of the tag,
shorttime Fourier transform and matrix pencil method describeddh[f®] may also further be

used to remove effects of the environmental clutter and obtain aspect independent detection.
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Chapter 4.

RCS Based Depolarizing Passive Tag with Improved
Clutter Rejection for Potentiometric Gas Sensing

In chapter 3 RCS based tag was presented for its application in relative humidity monitoring
was presented. In the current chagiterdualband dualpolarized antenna modifiedto operate
in depolarizing modand s applied to monitor ammoniby integratingwith it avaractor coupled
hydrogelcoatedpH electrodeThe presented sensorsmialler in size and has supen@munity
to environmental clutter . ThiRsRajodnd®.E.8Bridges,s bas
ARCS B as eizing Basgive Tag with Improved Clutter Rejection for Potentiometric Gas
Sensi 209 IBEEISBENSOR3019, pp. 14.0

4.1. Abstract

This chaptermpresents a radar cressction (RCS) based tag capable of detecting acidic/basic
volatiles in the sensing envirorent. The sensor consists of two miniaturized annular slot antennas.
One acts as the sensing element and the other as the reference. Both antennas are perturbed to
provide a high crospolarized scattering response. The cpslkarizationbased interrogain
technique provides robust detection against environmental scattering. A pH combination electrode
coupled to a varactor diode provides the necessary transduction required for gas sensing. The
concentration of the gas being monitored directly translatdsetresonant frequency modulation

of the sensing antenna.

4.2. Introduction

Passive wireless tags operating in the microwave region have been of great interest in the past
decade for their application in RFID and sensing[§]] Conventional RFID tags andrsors
require integrated chips and often batteries for their operation. This limits their application due to
the manufacturing and maintenance cost involved. Passive, chipless tags provide the advantage of
being significantly cheaper, thereby expandingrteeope of application to low cost item level

tagging and sensing of low value commodities such as fresh produce.
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One of the biggest challenges in using chipless passive RFID sensors is making them robust
to environmental clutter and loading effects. Clutter is the unwanted signal scattered by the
environment, picked up by the interrogator. With chipless sensors béisqiall size, the
signatures can be overwhelmed by large objects in the environment, making detection difficult.
One of the ways by which the effect of environmental clutter can be reduced is to make the
scattering from the sensing element as large asilple. This has been done using two methods,
one by using a retrodirective array antenna like-¥X&a reflect array as the scattering element
[10],[11], and the second by using an active negative resistance load on the scattering antenna
[12]-[15]. A hybrid combination of both, using a reflection amplifier with the retrodirective
reflectorVan Atta array has also been demonstrated [16], [17]. AsAtmnreflect arrays are of
large size, it is generally suited for applications in higher millimeter waepiéncies. Negative
resistance loading on the other hand requires an active element and related biasing circuit on the
sensor making it incompatible with low cost ftaroll printing technology. Frequency diversity
between the incident interrogation sajand the scattered/retransmitted signal can also be used in
guastchipless sensors utilizing a nonlinear component like a diode. This technique has been
demonstrated in sensing of various physical parameters like crack and strain [18], [19], liquid level
[20], temperature [23]23] and humidity [24]. These tags have also been reported for tracking of
small insects like bees [25], [26]. One of the disadvantages of using passive harmonic sensors,
however, is that they require high transmitted power forrrnogation due to the power loss
associated with the passive generation of the harmonic frequency. These sensors are of larger size
compared to the RCS counterpart, as most of them utilize separate antennas for reception and

transmission.

Another method tageduce the clutter is by using a depolarizing/cioagirizing scattering
element such as a dipole oriented &t t5the polarization of the incident interrogating wave as
proposed in [27]29]. Though this technique has successfully shown to elimitaitercclose to
the scatterer for RCS based RFID systems, little work has been done towards integrating them for
sensors application. In thtkapteithe objective is talesign and preseah RCS based pH sensing
tag with a crosspolarization detection s&me. The sensor consists of two miniaturized annular
slot antennas, one of which acts as a reference and the other as the sensing unit. Together with
crosspolar detection, added reference and time gated measurements, the presented tag provides

superiorimunity against environmental scattering.
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4.3. Concept of Operation, Sensor design and Simulation
Results

Radar polarimetry is often used to enhance the detection of an object. Polarimetry involves
the characterization of a target using its complete scatteraigx parameters. This is done by
measuring the epolarized and croggolarized responses of the target. Thepolarized response
corresponds to the case where polarizations of the transmit and receive signals the are identical,
while the crosgpolarizal response corresponds to transmission and reception in orthogonal
polarizations. The sources of scattering in the indoor environment are large reflective objects, like
furniture, ground and walls. Since these objects are large compared to the wavetength a
microwave frequencies, it can be reasonably assumed that the scattered field from these objects
are dominantly cgolarized, meaning they have little crgeslarized scattering response. Thus, a
scattering source with high crepslarization response cdre used to achieve maximum signal
to-clutter ratio. Mathematically the radar cresection of a target can be represented by using its

associated scattering matrix,

Here identical subscripts represent-pmarized component and dissimilar subscripts
represent the crogmlarized component. The scattering matrix of manmade objects, which exhibit

adominantly cepolarized response simplifies to

Y - “Y8 C

For a scattering element like a planar antenna, the scattered fields comsistpafts the
structural field and the antenna nebdr re-radiated fields. The structural liieis a combination of
both antenna structural scattering and the ground plane scattering. The total reeleivedhe
vectoral sum of the three fields. For enhancing the detection capability of such an antenna, the

scatteringield must be

Y XT[Xp8 o
Xp XT[
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Fig. 4.1 (Left) Annular slot antenna with capacitive loading at two orthogonal sites. (Botton

Substrate

-

The current distribution at resonance of the annular slot antenna when excited by
incident vertically polarized plane wave.

From the total received responS¥ "Y  "Y hthe scattering response of the sensing
element can be easily extracted from the-di@gonal elements 6Y . To meet the antenna design
objectives above and provide design flexibiligy annular ring slots used. To achieve high
crosspolarized component for an incident vertical or horizontally polarized interrogating signal,
two lumpedcapacitors are added in orthogonal to each other, as shown4rilFithe capacitance
however has to blargeenough to provide a reasonably low impedance at the design frequency,
so that the currents are perturbed adequateheiarthogonal direction to the incident signal. For
a vertically polarized incident wavsignificant amount ofurface currents are directed towards

the horizontal direction and vice ver3dis is shownn Fig.4.1

An additional radiating slduned to a secondary resonant frequency using a slightly different
capacitive loading is addet serve as the reference signattoeenable differential sensing
capability The volatile sensing capability is achidugy using the same approach as described in
[30], [31]. On the sensing slot, a varactor provides the required capacitance feyatevsmtion
excitation and the volatile sensing capability. A bias voltage applied through a pH combination
electrode coristing of a silversilver chloride (Ag/AgCl) reference electrode and a mixed metal
oxide (MMO) working electrode, modulates the varactor capacitance, which in turn changes the
resonant frequency of the antendg. 4.2 (inse) shows the proposed tag stwe and the
simulated results of the sensor. The simulations were performed in HFSS, and the varactor was
modeled as a variable lumped capacita seen from the results, the reference signature remains

constant and the sensing signature shows change in the resonant frequency with a change in the
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capacitance. The sensing and reference antennas are on the top side of the PCB while the sensing

circuit including the pH electrodes are designed to be implemented on the bottom side.
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Fig. 42 HFSS simulation results showing the ol response of the proposed wireless sens

C1 corresponds to the sensing capacitance and C2 corresponds to the reference capacite
4.4. Experiments and Discussion of Results

The pH combination electrode pair was first tested for different concentrations of ammonia
levels, inside a sealed gas chamber as shown indRBgAg/AgCI reference electrodes were
fabricated using the procedure in [32]. Low cost commercial MMO electrodes were obtained from
a Chinese manufacturer. The voltage generated by the electrodes was measured using Agilent
34401A multimeter. The pH electtes produce a linear voltage response to the log concentration
of the gas under test. Fig.4 shows the set up used to measure the scattering response of the
designed tag in an anechoic chamber. It consists of two horn antennas of 9 dBi gain connected to
a VNA. The two antennas are oriented orthogonal to each other to receive thpotaozed
response of the tag. The antennas were loaded with fixed capacitors to obtain the static response
for the sensor. The measured response is shown idEgTess were alsalone to demonstrate
the clutter rejection capability of the tag. This is shown in 4&8).where scattering elements were
placed inside the radian sphere region of the tag. The presence of the scattering objects has a loading
effect on the amihna. However, the shape is preserved and the difference between the reference
and sensing resonances remain unchanged. This difference thereby can be used further for

differential sensing of the desired ghHange in the environment.
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Fig. 4.3 Experimental results showing the generated potential of an MM@Ag/AgCI
combination electrode pair to different concentrations of ammonia vapor inside a seal

chamber.
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Fig. 44 (Left) Experimental setup used f(;r\ the measurement of the crogmlarization

measurement of the annular slot antenngRight) Fabricated tag with fixed capacitor loading
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Fig. 46 (Left) Experimental set up used to demonstrate the clutter rejection capability
the depolarizing antenna.(Right) Measurement results showing the RCS epol and cross
pol response of the capacitively loaded annular slot in the presence of scattering elem
inside the radian sphere of the tag.

Fig. 4.7a shows the experimental setup used to demonstrate the sensing capability of the
depolarizing tag integrated with SMV1405 varactor biased using the hydrogel coated pH electrode
pair presented in the previous section. The sensor was placed at a distance of 60 cm from the

interrogating horn antennas inside a sealed chamber consistitgaker of variable ammonium
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Fig. 4.7 (a) Experimental setup and fabricated depolarizing tag used for volatile sensing

2775
]

(b) Change in resonant frequency of the depolarizing RCS based sensor to differe
concentration of ammonia gas (inset is the measured normalized RCS response show
the reference and sensing signatures obtained using late time short time fouri

transform response).

hydroxide solution. Initial experiment with 0 ppm ammonia was performed to assess the stability
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of the sensor, this is shown in Fg7b. The sensor reache90% of thestability point at around

the 100 min mark. After this, different concentrations of ammonium hydroxide were added into
the chamber, as the concentration of ammonia inside the chamber increases, the resonant frequency
of the sensing resonatgoes down and the resonant frequency of the reference resonator remains
unchanged (Figd.7c).

4.5. Conclusion

A depolarizing annular ring tag for volatile sensing applications was presenteddnapisr
The crossolarizing property of the tag was shovenbie robust against environmental scattering
This was demonstrated usingn resonant objects in ndald zone of the antenn@his improves
its practicality compared to traditional radar cresstionbased sensing tags. The ammonia
sensing capability of the sensor was demonstrated using a pH electrode biased varactor tuning
element added onto one of theamant slots and keeping anotheramant slot as a reference for
differential sensing capability. Further study is required towards the improvement of the stability

and repeatability of the pH combination electrode pair.
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Chapter 5.

A Compact Passive Wireless Harmonic Sensor for
Packaged Food Quality Monitoring Applications

In Chapters 3 and 4, radar cresetionbased lowcost sensors were presented for humidity
and ammonia sensing respectively. These sensors require -aaillmited environment for
practical applicationghusarelimited in application to warehoudi&e settings where the sensing
background can either be easily calibrated or resx@nstant over the period of measurement.
Chapters and6 present a harmonic sensor that does not require background calibration for their
operation, making them more amereabd food monitoring applications further down the food
i ndustry supply chain. TRMRasgarcda(p.t eE. iBr ibcaged,
Passive Wireless Harmonic Sensor for ME&gE kaged

Trans. Mcrow. Theory Tech20210

5.1. Abstract

There is currently a need to monitor food products while preserving quality and safety during
long-term storage. In this paper, a compact -8t quaschipless sensor is presented for
monitoring the quality of higivalue food items like milk and meat products is presented. The
sensor utilizes a dudland duabpolarized annular ring antenna with an integrated harmonic
generator and sensor to receive, modulate, and retransmit the interrogator signal. The resonant
frequeng of the receiving mode of the antenna is sensitized to the parameter being sensed using
a varactoi pH electrodebased transduction scheme. The received signal is doubled using a diode
frequency doubler circuit to minimize the clutter from the envirortrbefore retransmission. One
application of the sensor for monitoring of pH is presented. The sensor was shown to be able to

successfully monitor the milk souring process.

5.2. Introduction

Food quality monitoring is crucial for consumers and the food prawessdustry. Food

quality deterioration and extension of shelf life are both of health and economic interest [1], [2].
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In recent years smart packaging techniques have gained great popularity. These packages are
designed to interact with the food materiatlats packaged environment in order to provide an

extended shelf life of the food products.

Several environmental factors like food temperature, humidity, light, mechanical stress, and
pressure affect the quality of food items during lbeign storage.nternal factors like initial
microbial count, pH and chemical composition affect the rate of degradation of the quality of food
products. Additionally, intelligent packaging focuses on the ability to monitor quality indicators
inside the packaged food ds ienvironment. Common quality indicators include food freshness
indicators, timegemperature indicators, and integrity indicators to detect leaks [1]. Humidity
(water activity), temperature and pH are the most essential factors that affect food glyalint [2
when monitored and controlled for each specific food commodity, have shown to significantly
increase shelf life.

The activity of many pathogens produces chemicgirbducts [3], with many of these
altering the pH of the food material. For examplmicroorganisms in meat, like
Enterobacteriaceae Pseudomonas fluorescenand Lactobacillus sake produce various
compounds like sulphtzontaining molecules, alcohols, acetone, fatty acids, amines and carbon
dioxide that alter its pH [4]. Likewise, destsethat are rich in carbohydrates are broken down into
simpler molecules like organic acids, ethanol and @ to microbial action [3]. The detection
of spoilage due to microbial action using metabolic biproducts of roigganisms in different
kinds offood can, however, be very distinct from one another. Nevertheless, measurements of
these pH and volatile fiiroducts have successfully been shown to correlate to the microbial count
in the food material [5]. The total volatile base nitrogen (TNBand timethylamine (TMA), for
instanceare used worldwide as indicators of fish quality and decomposition [6].

With the advancements in printed electronics and material science, package to package non
contact monitoring of volatile gases of higalue food prducts likemilk, fish and meat has been
made feasible [1]. One of the most commonly used for detection of acidic/basic biproducts use
colorimetric dyebased sensors, that give a qualitative indication of the extent of microbial activity
[7][8][9][10]. A viable approach that gives a segoantitative insight into microbial activity is

through the integration of sensing circuitry into passive RFIDs. The integrated circuit for the
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modulation, retransmission and sensing however make them comparatively exp@ensive
techniques that do not require additional sensing circuitry, as shown in [11][12]. These sensors
predominantly work via the dielectric loading effect on the RFID antennas. Rabgiess
sensors are another alternative, however, these sensorsiteé impractical application due to

the high clutter from the sensing environment [13][13kdveral researchers have extended the
detection capability of the passtehipless RFID by usindgrequency diversity between the
incident interrogation signal anthe scattered/retransmitted signal, thereby, improving clutter
rejection [17][18][19][20]. This is made possible by using a nonlinear element like a diode, either

as a passive harmonic frequency generator or a passive mixer, to produce a backscateatd sig
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Fig. 51 Concept diagram representation of the passive harmonic sensor. The sw

frequency interrogation signal atI is orthogonally polarized to the retransmitted signal at

either theharmonic of the incident wave or the product of two incident waves. This teehings
previously been demonstrated for sensing physical parameters like temperature [15], [16], [17],
humidity [18], dielectric change [19] and pH [20]. Although promising, these sensors are typically

large in size and little work has been done for thpplication directly in food quality monitoring.

In the currenthaptera novel compact quashipless, passive wireless sensor operating based
on the principle of harmonic generation is presented. A schematic representation of the sensor
concept is showin Fig.5.1. The sensor operates in a narrow sensing bandwidth. The application

of the sensor in the monitoring of milk souring is demonstrated.



82

Schottky

Frequency doubler

DC coupling circuit

pH
Electrode

Fig. 52 Exploded diagram showing the different functional parts of the harmorc sensor.
5.3. Sensor Design and Operation

The sensor utilizes a dubhnd antenna for receiving the interrogating signal at the frequency
fo and retransmitting the modulated signal at the frequencip atilZzing a frequency doubling
circuit. The receiving antenna moddgterforms the required modulation for sensing utilizing a
varactor which is biased by the pH electrode. The frequéneys chosen to be 2.5 GHz for
implementation using FR4 substrate and integration with commercial off the shelf components.
The sensor design can be separated into three parts. The first is thamtiahtenna design, the
second is the frequency doubgerd the third part is the pH transducer and coupling circuit. Fig.
5.2 shows an exploded conceptual view of all these elements of the sensor. The design and

integration of each of these are elaborated in sechi@rk,5.3.2 and5.3.3 respectively.

5.3.1. Ante nna Design and Simulation

An annular slot antenna was chosen owing to its simplicity, ability to combine two
polarizations and easy integration with frequency doubling circuitry. A similar antenna design has
been previously presented in [27] for a radar cross seloisad humiditysensing application.

The antenna was designed and simulated using Ansysreigirency structure simulator (HFSS)
simulation software, its geometry is shown in Bi§. The antenna can operate in two orthogonally
polarized modes the vertically polarizé mode atQand the horizontally polarized modeca®,

using two orthogonal excitationsThe aperture field of an unperturbed annular slot antenna of
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width much smaller than the operating wavelength and functioning in the fundamental mode can

be appraimated by ariO A1 @ distribution [28] { and %o.are the position vectors in a

cylindrical ceordinate system)rhe current distributions corresponding to the two orthogonally
polarized modes are shown in the FEd. insets. Capacitive loading using a variable capacitor like

a varactor diode along the direction of the surface current significantly perturbs the resonant
frequency. On the other hand, when the direction of the current distribution is orthogonal to the
capacitive loading, the resonant frequency remains unperturbed. The equivalent circuit of a slot
antenna corresponds to a parallel resonant circuit, and capdcdtliag thereby decreases its
resonant frequency from the unperturbed case [29]. This adsdtsen the reduction of the
operating bandwidth of the antenna. These properties of the antenna can be seen in the return loss
plots of Fig.5.4. The isolation between the antenna ports vEasiB at both the operating
frequencies (due to the small foractor of the antenna). In the current design, the narrow band,
vertically polarized, lower frequency tunable mode is used as the receiving antenna and its resonant
frequency changes with capacitive loading. The horizontally polarized mode with wider g#mdwi
remains unperturbed and acts as the transmitting antenna. Both vertically and horizontally
polarized modes have a broad radiation pattern as shown in the gain pattern . Higis

makes the sensor less sensitive to misalignment effects beteseg/antenna the interrogating

antennas.

Fig. 53 Geometry of the anular slot antenna operating at two distinct frequencies an
polarizations, used for HFSS simulations. The antenna is excited using two driven ports

obtain the smulation results without the doubler circuitry.
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Fig. 54 HFSS simulation showinggﬂ splot for the antenna mode corresponding to the (:
receiving mode atl and (b) transmitting mode at I for different capacitance value
modeling the varactor diode under different bias conditions. Insets show the surface curre

distribution for reach of the modes.

The resonant frequency of the receiving modk .5 GHz) can be sensitized to different
sensing parameters by integrating it with a functionalized capacitor like a vgshctlectrode
pair [30] [31] or a gasensitive interdigitated capacitor [32] [33]. The maximum sensing range is
limited by the badwidth of the transmitting mode of the antenna. In this paper, a vapttor
combination electrode pair type of sensing is utilized to demonstrate the proof of concept of

operation. In this case, the pH electrode is used to sense the presence of anlTéealgltage
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generated by the electrode in response to a change in concentration and the type of analyte is used
to bias the varactor diode and change its capacitance, thereby providing the necessary transduction
schemeThe varactor diode used was SM@B4from Skyworks, and the series resistance of the
diode was included in the simulations of #trgenna. The capacitance sensitivity of the diode at
nearzero bias is 0.23pF/500mV [34]. The effect of antenna miniaturization at the fredigency
loss due tdhe parasitic resistance of tharactordiode and the dielectric loss in the FR4 substrate

reduces the radiation efficiency of the antenna. This causes a low gai@ dBi at this frequency
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Fig. 55 Gain patterns of the dualpolarized annular slot antenna operating at two distinc
frequencies(a) at 2.5 GHz and (b) 5 GHz
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Fig. 56 (a) Circuit schematic showing the harmonic frequency doubler and (b) printe
circuit board layout on an FR4 board of thickness 0.7874 mm. The location of the feedlir
and the dimensions of meander lines were chosen such thatetltircuit can be easil

integrated with the annular ring antenna of Fig. 2.

5.3.2. Harmonic Generation for Retransmission

The signal modulated by the receiving mode of the antenna is processed usiAghaaron
resistanceébased frequency doubler. The nonlinessistance is obtained here using a Schottky
diode. Fig5. 6(a) shows the circuit schematic used to achieve this. It consists of input and output
filters centered aand¢’Q, respectively. In the current design open and short stubs are used for

filtering. When operated in the ndinear region, the harmonic frequency generated by the diode
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Fig. 5.7 (a) Wideband harmonic balance EMcircuit co-simulation results of the frequenc

doubling circuit of the layout shown in Fig.5.5b obtained using Keysight ADS simulatio
software. The input power at the fundamental frequency was swept from 2 to 3 GHz wh
the power was kept constant at 0 dBm. (b) The fundamental and harmonic power at 1

output port at a fixed frequency of 2.5 GHz.

is directed towards the output and the fundamental frequency at the output of the diode is reflected
back to enhance the conversion efficiency. In addition, additional sections of transmission lines
and stubs are usedrfinput and output matching of the dio@é&e input/output impedances of the
antenna and the input/output impedances of the doubler were designed to matcimthegs0

antenna impedances (see Fgtl). The design and simulation of the doubler circuérevdone
using the harmonic balance simulator in Keysi

for the transmission line sections to miniaturize the design. Tserdation tool in the software
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Fig. 58 (a) Measured conversion loss for an output frequency of 5 GHz. (b) Measul

frequency response for different input power to the frequency doubling circuit. Inset in (

shows the fabricated frequencydoubling circuit with connectors added for testing puposes

wasused for accurate simulation of the layout in order to incorporate the finite ground plane and
intercoupling effects of the meander line stubs. The optimized layout obtained from the simulation

is shown in Fig.5.6(b). Fig.5.7 shows thesimulated frequency response at the output of the
doubler for an input power of 0 dBm. For the input frequency range of around 2.5 GHz, the
fundamental frequency is suppressed, and the second harmonic frequency is enhanced at the
output.An ideal physicatliode model of the Schottky diode (Infineon Tech. BATOBW) without
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the parasitics was used for the doubler simulation [36]. The difference in the measured and

simulated conversion loss at low input power in Bi§(a) may be attributed to this.

The degyn was fabricated on FR4 board of thickness 0.7874 mm using microstrip technology.
The device is shown in Fi§.8(a) inset. The location of the input and output feed lines are chosen
such that, the doubler can be easily integrated into the sensing attewmaer, for testing of the
doubler input andutput have been connected torg@orts. Fig.5.8(a) shows the measured
conversion loss at'band. For an input power greater th&rdBm a conversion loss lower than
15 dB is achieved. The circuit proesl a relatively flat response for an input power greater-than

5 dBm over the intended bandwidth of operation as shown irb[Bidp).

Fig. 59 Fabricated harmonic sensor with the annular slot and the doubling circuit integrate

with an external pH electrode.

5.3.3. Sensor Integration

Fig. 5.9 shows the fully integrated sensor on a dosided FR4 substrate of 0.7874 mm
thickness. One side consists of the annular ring antenna and the varactor diode and if needed an
orthogonal mode fixed tuning capacitor. The other side consists of the doubier and the
circuitry for coupling the sensing transducer signal, such as the pH voltage, to the varactor diode
(see Fig.5.2). The coupling circuit consists of two RF chokes and an RF shorting capacitor to
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isolate the bias voltage from the RF cirastshown in Figs.9. A change in the sensing voltage
across the varactor modulates its smglhal capacitance, thereby, changing the resonant

frequency of the receiving antenna.
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Fig. 510Block diagram of the interrogator for wireless harmonic tag sensing.
5.4. Sensor interrogation and characterization

Fig. 5.10 shows the block diagram of the interrogating system. The transmitter consists of a
continuous swept frequency source, an amplifier of gain 17 dB and a low passifiita cutoff
frequency of 2.95 GHz at the output to minimize the harmonics generated both by the source and
the amplifier. The power level of the source is set close to the 1 dB compression point of the
amplifier to maximize the interrogation distan@@e receiver consists of an amplifier of gain 17
dB, a high pass filter with a coff frequency of 3 GHz and a spectrum analyZmponents
from Mini-Circuits and a Pxbased vector signal analyzer from National Instruments were used.
The transmitting ad receiving antennas {INFO JXTXLB-20180) used by the interrogator are
orthogonally polarized anldoth have a gain of 9 dBi. The harmonic tag was placed 30 cm away
from the interrogating systerAt this distance the tag is in the radiative ni@id regon of the
interrogating antenna. This degrades the gain by a factor of 0.92B8{37¢. sensor, the wideband

incoming signal is bandlimited by its narrowband receiving antenna with a maxinitrarat is
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sent to the doubler circuit after which the signal with a maximutitas retransmitted back with
orthogonal polarization. The horn antennas on the reader system operate with orthogonal
polarization. The measured second harmonic when there is no peesent is below the noise

floor of the receiver-89 dBm).

The link budget of the system can be determined using

o, , 8 (1

Here,0 and0 are the transmitted and recei’powers by the interrogator antenri@sand
‘O are the integrator transmit and receive antenna g&ns,and"O are the tag transmit and
receive antenna gaing, is the conversion loss of the doubling circ&ts the distane between
the integrator and the tagjs the operating wavelength™&and, AT A are the mismatch
losses due to the tag receiving and transmitting antennas. It should be noted that the sensing
distance is limited by the transmit powEnr a tag distance of 3fin, the power received by the
input of the doubling circuit is8 dBm. This corresponds to a measured conversion 168§ aiB
(see Fig5.8(b)), and a received power €54 dBm at the receiver output, for an ideal matched

condiion. Link budget does not take into account the cqosidoss affect.

The sensitivity of the sensor was first studied using an applied voltage test. This was
performed by directly applying different bias voltages to the varactor through the coupliriig circu
Fig. 5.11a shows the response of the sensor to applied voltages. Proper cable orientation
perpendiculato raditing surfaceandabsorbersvere used to minimize the effect of loading of the
sensor by the bias wires. The full frequency response of the received signals at the interrogator for
example bias voltages are shown in Ed.1b. The resonant frequency is defined here to be the
maximaof the received signal and is obtained by fitting the measured data point§' worded
polynomial and then finding its peak. Secondary peaks beyond the measurement range are
discarded. The sensor gives a linear resonant frequency response oveatjeeraolge of interest
(3 < pH < 9, suited to most food monitoring applications). The sensor has a larger frequency range
of operation in the forward bias mode due to the initial-béas position of the resonant frequency
being offset from the nominal r@sant frequency of the transmitting mode of the sensing antenna.

At higher values of the applied voltages the resonant frequency of the sensor moves beyond the
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bandwidth of operation of the sensor transmitting antenna, hence diminishing the amplitude level

of the received signal as shownFig.5.11 (b).
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Fig. 5.11 (a) Resonant frequency change and (b) received signal signature of the senso

different applied voltages across the varactor diode in the forward and reverse Di
conditions. Markers indicate the measured data points, and the solid lines are the lineand

4" order polynomial fits in (a) and (b), respectively.

Fig. 512 3-point calibration of the commercial pH electrode using buffer solutions measure
using Agilent 34401A digital multimeter. The electrode has a sensitivitgf ~55mV per unit
pH change.



